The reinforcement of natural rubber latex with chemically activated starches by Pansa Chuoy-Plong (7126631)
LOUGHBOROUGH 
UNIVERSITY OF TECHNOLOGY 
LIBRARY 
AUTHOR/FILING TiTlE 
--------------~1iy-~~~-1:~~~-~-T-l'-------~--
--------------------------- -- -- --- ----- - -------..,... 
ACCESSION/COPY NO. 
o :3 b \!) Cl C to ~l:> 
.( ----------------- ---- ------- --- -----------_ .. ------
I VOL. NO. CLASS MARK 
- 2 Jilt 1993 l~ ~ 
.3,0 ·'0 . 9z. 
0360000509 
11111l1li11111111111111111111111111111111 .' 

THE REINFORCEMENT OF NATURAL RUBBER LATEX 
WITH CHEMICALLY ACTIVATED STARCHES 
by 
Pansa Chuoy-Plong 
Bsc (Bd.) 
A Master's thesis submitted in 
partial fulfilment of the requirements 
for the award of the degree of 
Master of Philosophy 
of the 
Loughborough University of Technology 
September 1990. 
Supervisor: C Hepbum 
DSC, MSc, PhD, ANCRT, FRSC, CChem, FPRI 
Institute of Polymer Technology and Materials Engineering 
© by Pansa Chuoy-Plong (1990) 
Loughborough University 
of Technology library 
Date 
..HA. 'i. 
Class 
~'; C~6ooooS-'l) 
Synopsis 
Two possibilities of using starch as a reinforcing filler in natural rubber were 
investigated. These were the latex masterbatching technique in dry rubber product 
process and the use of starch in latex product process. 
Starch xanthide natural rubber masterbatches were prepared starting from either latex 
concentrate or fresh field latex. Crumb characteristics of the masterbatches and curing 
and physical properties of the resulting starch xanthide filled compounds were examined. 
It was found that starch xanthide content and types oflatex are responsible for the crumb 
size of the masterbatches. Wet crumb milling was found to improve the dispersion of 
starch significantly and subsequenly enhanced the physical properties of the final 
vulcanisate. Milling behaviour of the masterbatches containing up to approx. 50 phr 
starch xanthide loadings was observed to be good to very good. It was also found that 
the diluted masterbatch can be used to produce a vulcanisate with physical properties 
comparable to that of tailor-made masterbatch. 
Starch xanthide was observed to accelerate cure rate. It was found that, other than the 
xanthide units, starch was also a contributing cause to accelerated cure rate due to its 
inherant characteristics. Vulcanisates containing starch xanthide were found to have 
improved modulus but reduced tensile strength and elongation. This was proportional to 
starch xanthide loading and dependent on starch xanthide dispersion. 
Water sensitivity of vulcanisates containing starch xanthide was examined and it was 
found that water absorption and deterioration in physical properties of the vulcanisate are 
significantly dependent on starch xanthide loading. The effect of coupling agents on 
water resistance of the vulcanisates was also investigated. It was found that Silane A 189 
has, among others, a significant effect in improving water resistance of the vulcanisate. 
SEM studies on microstructure of starch xanthide filled vulcanisates revealed interesting 
characteristics of starch xanthide in rubber matrix. 
In studying the use of starch in the latex product process, thin films were prepared by 
casting a mixture of prevulcanised latex and starch xanthate. It was found that starch 
xanthate gives excellent enhancement in modulus with only a marginal reduction in tensile 
strength. Chemical treatments of the thin films were found to significantly enhance the 
physical properties of the films. 
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Chapter 1 
Introduction 
1.1 Filler and reinforcement in rubber 
1.1.1 Roles of filler in rubber 
Filler is second only to rubber as the most critical raw material of the rubber 
industry. Addition of filler in rubber products imparts a wide range of benefits 
such as improved processibility, enhanced or modified physical properties, 
cheapened product and pigmentation. 1 For example, addition of china clay, talc 
and I or whiting is not only to keep the cost down, but also as a device to 'smooth' 
out the compound to help its processability, especially in extending calendering 
operations. 2 Zinc oxide and carbon black can be used as white and black pigments 
respectively. 3 Fine particle materials, particularly carbon black, impart the 
reinforcement to the rubber vulcanisates. 
Among three classes of reinforcing fillers are included carbon blacks, inorganic 
fillers and organic fillers ; 4 the first two have been developed and well established 
in the rubber industry. Carbon black is known as an outstanding reinforcement 
material for general applications and especially in tyres and tyre products such as 
inner tubes and retreading compounds. When the product must not be black, then 
inorganic materials which include fine silicas and silicates will be required. Organic 
reinforcing fillers are the other alternative materials which are used in specific areas 
such as adhesion improvement by resin in tyre cord. 
1 
1.1.2 Choices of filler in the rubber industry 
Reinforcement of rubber by fillers to satisfy the perfonnance of their products is a 
common practice in numerous applications. The choice of the fillers is generally 
detennined by the types, properties and special requirements in the use of the 
rubber product, processing ease and finally by the cost of the filler. The need for 
c9mpetitive pricing of rubber products, cost of raw materials and operations are 
considered as imponant, and sometimes even more imponant, than technical 
requirements of the product 
Cost of addition filler in rubber relies on 
1) Cost production of filler itself and 
2) Cost of special treatments of f"iller which may be required to impan 
reinforcement in the final rubber product 
During the last two decades, the rubber industry has been concerned about its 
dependence on fillers which are derived from petroleum and I or require high 
energy for their production i.e. carbon blacks and inorganic fillers such as the 
precipitated silicas and silicates. The oil crisis, by increasing the cost and 
decreasing the supply of crude oil, has encouraged a renewed interest in fillers less 
dependent on petroleum and which require less energy to produce. 
The overview on filler choices in the rubber industry by Dannenberg 5 pointed out 
that inorganic flllers produced from inexhaustible natural resources such as clay, 
limestone, talc require less energy in their production. Unfonunately ground or 
classified natural mineral products are in the none-tc-low reinforcement range and 
need special treatments. These include the use of silane coupling agents, 
pre-treatments of the ftIler surfaces with silanes or the surface grafting of reactive 
2 
polymers. 
This limited treatment should not raise the cost of the rubber product. Therefore. an 
alternate source on the basis of conservation, economics and aVailability could be 
renewable agricultural materials. Much research effort has been expended to 
develop these materials including lignin and starch as organic reinforcing fillers in 
rubber. Starch is a renewable agricultural product and has the advantage of a 
measure of stability in cost and supply. This study will contribute to the application 
of starch in natural rubber. 
1.1.3 Reinforcement 
A defmition of 'reinforcement' of rubber is probably first derived from practical 
need that is the improvement in the service life of a rubber article. Most conditions 
of service demand increased hardness, stiffness, strength, tear resistance and 
resistance to abrasion. A reinforcing filler is, therefore, defined as a filler that 
improves the modulus and failure properties (tensile strength, tear resistance and 
abrasion resistance) of the fmal vulcanisate. 3,6 This definition implies that at least 
two criteria are involved for considering the reinforcement i.e. the modulus and one 
of the failure properties. 
The tear process is a preferentially described mechanism of reinforcement Tearing 
characteristics of rubber can provide one of the most distinctive quantitative 
criterion of reinforcement In fact, any type of rupture of rubber such as cut 
growth, tensile and fatigue failure and even ozone cracking contain microscopic 
flaws which effectively behave as small cracks or tears. 7 These ruptures can be 
related to the tearing phenomenon. Reinforcing fillers impart a rubber-fIller bond 
which provides additional mechanisms for energy dissipation, by increasing the 
3 
• 
\ 
tearing energy due to failure then occurring at the rubber-filler interfaces. 
The most important factor in the degree of reinforcement by a filler is probably the 
development of a large polymer-filler interface, the intensity and extent of which 
depend on the characteristics of the filler. 8 The particle size and the ability to form 
filler-polymer attachments of the filler are significant conditions for reinforcement. 
1.2 Latex masterbatching 
1.2.1 Introduction 
Significant factors involved in filler reinforcement are chemical as well as physical 
filler-rubber attachments. The typical filler-rubber bridge could form between the 
reactive chemical groups on the surface of carbon black particles and free radical on 
the rubber chains generated during milling. 9 Therefore, the degree of 
reinforcement can be influenced and controlled by the method of incorporation of 
filler into rubber. 
The presently available mixing methods are classified into three categories as 
follows: 10 
1) Incorporation of the filler by milling into the dry rubber 
2) Direct reinforcement of the latex 
3) Preparation of masterbatches starting from the latex. 
Carbon blacks impart rubber reinforcement when incorporated into rubber by 
milling, but when they are introduced into the latex, they behave like inen fillers, or 
they even appreciably lower the physical propenies of the vulcanisates. Few 
4 
additives enable direct reinforcement of the latex; some of them are resins such as 
resorcinol·formaldehyde. This can be considered as the direct chemical 
modification of the latex using a grafting reaction. 
Several types of organic fIller can reinforce rubber when prepared as masterbatch 
starting from latex instead of incorporation by milling into the dry rubber. The latex 
masterbatching process is also used to improve carbon black dispersion in rubber 
and this becomes the main purpose of the process. Latex masterbatching was first 
introduced to carbon black and resins back in 1922 and 1923 respectively. The 
principle of the process was to introduce the fIller into the latex in the form of a 
solution or suspension, the mixture then being coagulated and dried, then mill 
mixed with other ingredients to obtain the final rubber compound. 
To deal with different materials, the process was developed into three main patterns· 
according to type of filler which includes; resins, lignin and starch derivatives and 
carbon black. 
1.2.2 Resins 
LeBras 10 reviewed the evidence of reinforcement by various resins including 
aminoplast, phenoplast, vinyl and protein resins. 
5 
Aminoplast resins 
To obtain reinforced vulcanisate from a mixture of latex and aminoplast resins, a 
resin condensation polymerisation by acid catalysis takes place in specialy stabilised 
latex and the mixture simultaneously coagulates by gelling. The mass is then 
neutralised by ammonia, washed and dried and then it can be used in the customary 
procedures of dry rubber. The aminoplasts include aniline-formaldehyde, 
urea-formaldehyde and melamine-formaldehyde and these resins may be formed in 
SBR or natural rubber latex. The maximum loading of resin to obtain a vulcanisate 
with normal elastic properties is up to a content of 30% of resin to 70% of rubber. 
The vulcanisate of 20% loading of aniline-formaldehyde (ratio 1 to 1.5 moles) in 
natural rubber is comparable in many properties to one with EPC black. 
However, the aminoplast resins bring some drawbacks concerning tear resistance, 
flex-cracking resistance and sensitivity to heat; however some advantages appear 
with respect to internal heating and resilience. The aminoplast resins produce less 
distinct reinforcement effects in the SBR than in natural rubber. This is explained 
by assuming that during resin formation the formaldehyde binds resin molecules to 
rubber molecules by the role of the free basic NH2 group. 
Phenoplast resins 
For the phenoplast resins, the nature of the latex has a particular effect on the 
reinforcement properties. Resorcinol-formaldehyde can reinforce synthetic latex 
containing active functional groups such as butadiene-styrene-methacrylic acid 
copolymer, butadiene-methylvinylpyridine copolymer and carboxylated butadiene 
-styrene. 
6 
To prepare the phenoplast resins in the latex, resin condensation at elevated 
temperature (3s·C) begins shortly before addition to the latex. After completion of 
a fairly long condensation polymerisation time (24 hours), at normal temperature, 
the mixture is then coagulated, dried and treated by normal dry rubber techniques. 
The optimum proportion of the resin depends on the type of rubber, for example, 
only 15 parts for the carboxylated rubber. This is attributed to the presence of polar 
substituents in the rubber, therefore, the reinforcing effect is due not only to the 
formation of chain structures from resin particles adsorbed on the surface of latex 
globules, but also to the greatly increased interaction between the rubber molecules 
and resin particles. 
Protein resins 
The protein resins have a reinforcing action on rubber due to their chemical 
composition; the nitrogeneous substances containing the greatest amount of amino 
acids having functional groups capable of reacting with formaldehyde . 
. 1'0-ob~ the ~orcementwith casein resins, an alkaline pseudo-solution of casein 
is added to the rubber latex then the mixture is treated at a definite pH with 
formaldehyde or glyoxal. After treatment, the flocculate is filtered, washed and 
dried, then treated by normal dry rubber techniques. 
The vulcanisate of a natural rubber masterbatch containing 28-30 volumes of the 
resins approaches maximum tear strength which in similar to the case of this rubber 
reinforced with carbon black (HAF). This vulcanisate also has a lower heat 
build-up produced by repeated mechanical deformation compared to the dualogues 
of MPC and HAF blacks. Other reinforcing protein resins include gelatin, peanut 
7 
and soya. 
Vinyl resins 
Vinyl resins are prepared as latexes by polymerising vinyl compounds in emulsion 
in the presence of crosslinking agents. The type of vinyl monomers involved are 
styrene, methyl methacrylate and acrylonitrile. An example of a crosslinking agent 
is divinylbenzene. The 'vinyl-filler-Iatex' is mixed with the latex of the elastomer 
and then salt acid coagulated, dried and blended in to the rubber compound through 
conventional dry rubber processes. Vinyl resin has a reinforcing action in SBR and 
natural rubber, however, the modulus remains relatively low with respect to that of 
the aminoplast resins reinforced latex. Some other elastomers are also capable of 
being reinforced by the vinyl resins and these include polybutadiene, butyl, 
polychloroprene (Neoprene), nitrile rubber and polysulphide rubber (Thiokol). 
1.2.3 Lignin and starch derivatives 
According to the review by Burke in 1965, 11 extensive studies on lignin 
reinforcement in rubber were made during 1947-1960. Lignin sulphate, capable of 
reinforcing rubber, is a commercial product which is derived from wood. Its 
complex structure contains among others reactive phenyl propane units. 
The typical process of making a lignin-rubber masterbatch is to dissolve the lignin 
in aqueous alkali and add the alkaline lignin solution to the rubber latex, then heat 
the mixture and coprecipitate by running the mixture into an acid solution with 
adequate agitation. Conditions which affect the reinforcing characteristics of the 
lignin in the masterbatch have been found to be concentrations of both the alkaline 
lignin solution and the rubber latex, concentration of the coagulating acid solution 
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and the temperature of the ingredients. The rubber latexes investigated include 
natural, styrene-butadiene, nitrile and polychloroprene rubbers yielding vulcanisates 
with tensile strengths comparable, at the same volume loading, to EPC black. 
However, in the usual lignin-rubber masterbatch the lignin is not bound to the 
elastomer and, therefore, the 300% modulus is low and the hardness high with the 
result that the abrasion values are inferior to carbon black equivalents. Various 
chemical modifications of lignin and lignin masterbatch have been used to raise the 
level of rubber reinforcement, e.g., treatment with resins, treatment with organic 
polyisocyanate and masterbatch treatment with a diisocyanate. The significant 
characteristics of lignin reinforcement include excellent oxygen and ozone 
resistance, good abrasion resistance, low heat build-up and light weight. 
The review dealing with reinforcement of rubber by starch derivatives is presented 
in section 1.3.1. 
1.2.4 Carbon black 
The latex masterbatching process for carbon black has been claimed as the easiest 
and cheapest way to obtain 'optimum' dispersion. Masterbatches also eliminate the 
use of free black, making housekeeping easier, reducing mixing time and lowering 
costs. A variety of SBR/carbon black masterbatches, containing extender oil in 
some instances, are commercially available. 12 
According to the reviews 13,14 the following processes, based on latex 
masterbatching and related techniques, have been developed for preparation of 
carbon black masterbatches, e.g., 
1) Dispersant type black sluny masterbatches 
2) Dispersant-free black sluny masterbatches 
9 
3) Hydrodispersion solution masterbatches. 
Dispersant type black slurry master batches 
This was the first carbon black masterbatch prepared by the latex masterbatching 
process. 13 This technique is based on slurrying the carbon black in water which 
contains an anionic surfactant. Surfactants include rosin acid soap and sodium 
lignin sulphonate. The latex and slurry are mixed and then the resulting intimate 
blend is discharged into the coagulant to obtain immediate shock coagulation. 
Dewatering and drying steps are subsequently perfonned using conventional 
equipment. 
A drawback of the process was claimed to be that the residual surfactant tended to 
be adsorbed onto the surface of the carbon black. This reduced the normal expected 
level of polymer/carbon black interaction hence the final physical properties were 
adversely affected to a significant extent. 14 
Dispersant.free black slurry masterbatches 
A dispersant-free masterbatch was introduced on a commercial basis in 1958. In 
contrast to the previous process carbon black slurry is prepared by grinding in 
water without dispersing agent prior to mixing into latex and then the further steps 
are perfonned. 
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Hydrodispersion solution masterbatches 14,15 
Carbon black masterbatches produced by hydrodispersion solution masterbatching 
process (HSMB) were commercially available in the early 1960s. The technique 
was based on replacement of the emulsion polymer in the latex masterbatch with a 
solution polymer. A solution of polymer was obtained by direct solution 
polymerisation or the high speed dissolving of polymer in a solvent such as hexane. 
The polymer solution was then blended very vigorously with a carbon black I water 
slurry; it resulted in the formation of polymer solution droplets and subsequently 
the phase transfering of carbon black. After the carbon black particles were 
completely stripped from the aqueous phase, to be adsorbed onto the solution 
droplets, the solvent was flashed off by hot water and then recycled. 
It was claimed that whilst the latex masterbatching gave some improvement over 
dry mixing, the solution masterbatching produced a further improvement and 
distinctly gave the best dispersion. Its vulcanisate was also found to have improved 
physical properties, which was ascribed to the better wetting and adhesion of 
carbon black surface to elastomer phase. 
1.3 Starch as a rubber reinforcing agent 
Starch has significant potential as a rubber reinforcing agent In latex products, 
where only few materials can reinforce it, starch is used in latex foam rubber. 16 
Starch enhances hardness of the foam rubber product. The procedure used is as 
follows. A 5% of starch dispersion may be added to the latex by mixing prior to 
foaming with subsequent gela~OIl in the conventional way. During vulcanisation, 
the starch granules swell and gelatinise under the influence of heat and are thereby 
able to exert their full stiffening effect. Alternatively, a latex foam rubber may be 
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immersed in a dilute solution of gelatinised starch and allowed to dry. The use of 
starch should be in small proportions, and of the order of a few per cenL It is not 
recommended where the product is to be used under heavy duty (i.e. repeated I 
flexing) or humid conditions. 
In addition, starch, which is cheap and has adhesive characteristics, has been used 
as an adhesion modifier in latex adhesives in both the form of cooked and uncooked 
starches. 17 
In dry rubber process, starch is capable of reinforcing rubber when incorporated 
into the rubber by latex masterbatching. 
Development of starch as a reinforcing agent in rubber using latex masterbatching 
process was first introduced by Buchanan, 18 Department of Agriculture, the USA, 
in 1968. The starch was gelatinised by heating and by adding sodium hydroxide 
before coprecipitation with resorcinol formaldehyde in latex using ferric sulphate. 
After Buchanan's report, a considerable number of researches on reinforcing action 
of starch have been carried out mainly by two organisations in the USA ; 
Department of Agriculture and the University of Akron. These research works 
used two different starch derivatives, namely zinc starch xanthate and starch 
xanthide. In some cases, combination of one of these starches with resorcinol 
formaldehyde was used. The preparation methods and properties of zinc starch 
xanthate and starch xanthide rubber masterbatches are now described. 
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1.3.1 Starch latex masterbatching process 
In this process, starch is modified into starch xanthate followed by coprecipitating 
in latex, during which starch xanthate is converted to crosslinked starches, i.e. zinc 
starch xanthate and starch xanthide. 
Xanthation and crosslinking reactions of starch 
Starch has an original fann of granules with size 2-100 J.lm and consists chemically 
of glucopyranose units with linear structure (amylose) and branched structure 
(amylopectin). 19,20 Their chemical structures are shown in Figure 1.1. In 
xanthation, the first step taken is physically and chemically to modify starch to 
form a solution of gelatinised starch and convert into sodium starch xanthate using 
CS2 in alkaline media as shown in equation 1.1 21 
Starch-OH + CS2 
S 
~ 
NaOH) Starch-O-C 0 + NaEB .......... (1.1) 
"-S 
(Sodium) starch xanthate 
13 
In crosslinking, the starch xanthate is crossIinked to either zinc starch xanthate or 
starch xanthide by reactions shown below: 
S 
I 0 2 Starch-O- C-S -
S 
Zn++) 
11 A 2 Starch- 0- C-S0 - ..... '--~) 
S S 
11 11 
Starch-O- c-s-Zn-s- C-O-Starch .•...•.•.... (1.2) 
Zinc starch xanthate 
S S 
11 11 
Starch-O- C-S -S- C-O-Starch ....••..•.•••• (1.3) 
Starch xanthide 
These reactions are carried out during coprecipitation. The oxidising agent used for 
starch xanthide reaction is a combination of sodiun nitrite (NaNOV and H2S04. 
Details concerning reactions of xanthation and crosslinked starch xanthide are 
presented in chapter 2: : 
There are various factors controlling xanthation and starch crosslinking reactions 
Lancaster 22 studied xanthation reaction in 10% starch solution and found that a 
suitable way to prepare the solution with 0.1 DS· was by using about 0.5 mole of 
NaOH per AGU (Anhydroglucose unit) with a temperature of 20-30·C. 
DS *- Degree of substitution of starch hydroxyl group by xanthate groups, based on the 
anhydroglucose unit, i.e. a degree of substitution (OS) of 3 corresponds to complete substitution 
of three hydroxyl groups on the starch anhydroglucose unit, AGU. 
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The conversion of CS2 to xanthate can be increased by further ageing and by 
introducing the CS2 into starch slurry before NaOH at the initial step. 23 
It is known that starch xanthate is decomposed at room temperature. Hence, in 
general practice, starch xanthate solution need to be kept at low temperature of 
2-S"C. 24 Starch xanthate can also undergo decomposition by acid. This may 
occur during starch xanthide crosslinking reaction when insufficient oxidising agent 
( i.e. NaND2) is added. 21 
Figure 1.1 The chemical structure of (a) amylose and (b) amylopectin 
IS 
1.3.2 Starch-rubber masterbatches 
Coprecipitate of starch and latex is in crumb fonn and this benefits the compound 
mixing step. Buchanan 25 investigated the particle size disttibution of crumbs in 
zinc starch xanthate masterbatches. He found that the higher the starch loading, the 
fmer are the crumbs obtained. Type of starch was observed to have little effect on 
crumb's particle size. It was also found that NBR gave finer particle size 
disttibution than the SBR at equivalent starch loadings. 
Abbott 26 studied crumb size of starch xanthide SBR masterbatches and reported 
that wet crumbs of the masterbatches adhere one to another and fonns large 
crumbs.Tilis phen~~en~n can be prevented by washing crumbs with ethan()i; 
methanol and acetone. The same author also examined the effect of the rate of acid 
addition on particle size disttibution of the crumb and reported that moderate rate of 
acid addition gave fine crumb particles. 
Drying methods used during starch rubber masterbatch preparation were found to 
affect properties of the final vulcanisate as reported by Stephens. 27 The drying 
methods employed were air oven at 70'C, hot mill at llO'C, vacuum at 50'C, 
laboratory extruder at 150'C and commercial extruder at 210·C. He found that the 
extrusion drying method improved the dispersion of starch and subsequently gave a 
higher tensile strength final vuJcanisate. A good dispersion of starch in the starch 
xanthide NBR masterbatches was found to be imparted after their drying by either 
air or vacuum techniques. This was considered to be because of the greater 
compatibility between starch and the nittile-group-s in NBR.. 
-- -~-
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Curing and physical properties of starch filled rubber 
Various factors affecting curing and physical properties of starch filled rubber have 
been studied. 
Buchanan 24 studied the effect of zinc starch xanthate on vulcanisation in SBR 
compounds and found that the increase in zinc starch xanthate loading was 
proportional to the increase in the cure rate. 
Bagley 21 examined the effect of starch xanthide on curing characteristics and 
concluded that starch xanthide is capable of accelerating the sulphur vulcanisation as 
. evident by ~e in~aSe iIicure l1lte With increasing either starch xanthide content or I 
degree of xanthation. 
Buchanan 28 studied the reinforcement of zinc starch xanthate with varied degree of 
xanthation (DS) and concluded that the starch with 0.06 DS was the optimum. Zinc 
starch xanthate with high DS was found to enhance modulus but it reduced tensile 
strength. 
Stephens 29 studied masterbatches of zinc starch xanthate with and without 
resorcinol formaldehyde and found that the vulcanisate containing zinc starch 
xanthate I resorcinol formaldehyde exhibited a higher modulus compared to that 
without resorcinol formaldehyde. However, the use of resorcinol formaldehyde 
may not be applicable in a light coloured product because it is a stainer. 
In another study, Stephens 27 compared reinforcing efficiency of zinc starch 
xanthate and starch xanthide. It was found that starch xanthide is superior to zinc 
starch xanthate for both SBR and NBR rubbers. 
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Most research work concerning starch-rubber masterbatches done so far were on 
zinc starch xanthate in SBR, NBR and natural rubber as well as on starch xanthide 
in SBR and NBR. There is little information available on starch xanthide-natural 
rubber masterbatches. 
Water sensitivity of starch filled rubber 
Vulcanisate containing either zinc starch xanthate or starch xanthide was found to 
deteriorate in physical properties upon absorbing moisture. These included an 
increase in volume and reduction in tensile properties (Le. modulus, tensile strength 
and elongation). It was reported that increasing either zinc starch xanthate or starch 
xanthide resulted in a rise in volume swelling. 18,29 Water absorption of a 
vulcanisate containing zinc starch xanthate I resorcinol formaldehyde was found to 
be greater than that of zinc starch xanthate. 29 Vulcanisates containing 40-45 phr of 
either zinc starch xanthate or starch xanthide were found to have severe reduction in 
modulus and tensile strength after the water absorption test. In some cases, the 
elongation was also observed to have decreased. 21,30,31 
It was reported that water resistance of starch filled vulcanisate is apparently 
dependent on crosslink density of the vulcanisate, Le. a high crosslink density 
enhances the water resistance of the vulcanisate. 21 
The reason for water absorption of a vulcanisate containing zinc starch xanthate I 
starch xanthide is attributed to the hydroxyl groups in the starch molecules linking 
with water molecules through hydrogen bonding. A number of research studies on 
improving water resistance of the vulcanisate was based on the hypothesis that a 
reduction of liberated hydroxyl groups in the starch molecule by either crosslinked 
or substituted reactions may reduce the water sensitivity of the starches and hence 
18 
--------------------------------------------------------------------------
the resulting vuIcanisate. 
In Bagley's report, 21 it was observed that an increase in degree of xanthation 
increases the retention of tensile properties. 
The extended substitution of hydroxyl groups on zinc starch xanthate by 
polyethylenimine (PE!) before coprecipitation in SBR latex was found to be capable 
of reducing volume swelling in water of the vulcanisates. The vulcanisate 
containing 50 pbr zinc starCh xanthate (DS 0.23) with a 3.5 ratio* of 100,000 MW 
PEI exhibited a maximum of 9% change in volume after the water absorption 
test.32 
(* moles of ethylenimino units per mole xanthate group) 
Dennenberg 30 studied the effect of isocyanates on physical properties and water 
sensitivity of the 40 pbr starch xanthide (DS 0.05-0.07) filled SBR vulcanisates. 
The treatment of starch xanthide with isocyanates was carried out during mill 
mixing of the starch xanthide masterbatch. It was found that tolylene diisocyanate 
among others not only enhanced physical properties of the vulcanisate but also 
improved retention of physical properties of the wet vulcanisate after the water 
absorption test. 
Hota 31 examined the effect of cyanoethylation of starch on water sensitivity of 
natural rubber vu1canisates containing 40 phr starch xanthide with DS ranging 
0.2-0.4. The starch was subjected to cyanoethylation and xanthation reactions 
respectively before being coprecipitated in latex concentrate of natural rubber. His 
results showed that the cyanoethylation of starch could marginally improve the 
retention of the physical properties of the vulcanisates. It should be noted that the 
results showed the maximum retention of modulus and tensile strength to be 
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approx. 50 and 60% respectively. 
1.4 Coupling agents 33,34 
Filler treatment with coupling agents is applied practically to raise the level of 
rubber reinforcement. For example, silicas and silicates containing silanol groups 
(Si-OH) on their surface are incompatible with hydrocarbon elastomers ; their 
optimised reinforcement requires coupling agent treatment in order to increase 
affinity and wettability by rubber on their surfaces. Generally, the successful 
coupling agents for silica filled rubber are bifunctional silanes. These compounds 
contain hydroxyl (or alkoxyl) groups which will react with the hydroxyl-active filler 
surface and the rubber reactive group which, in turn, will then react with rubber 
during vulcanisation. 
True coupling agents may provide water resistant bonds and eventually improve the 
vulcanisate's retention of physical properties in the presence of moisture. 
Some coupling agents in common use in natural rubber are Silane A 189 
(gamma-mercaptopropyl trimethoxy silane), Silane A 174 (gamma-methacryloxy 
propyl trimethoxy silane) and Si 69 (Bis(3-triethoxysilylpropyl) tetrasulphide). 
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1.5 Objectives of the present work 
The main objective of the present work was to investigate the possibility of using 
starch as a reinforcing filler in natural rubber. Both rubber product processes, i.e. 
latex product and dry rubber product processes, were looked into. 
In dry rubber process, the objectives were as follows. 
1) To investigate latex masterbatching process in natural rubber using both 
latex concentrate and fresh field latex. 
2) To examine the effect of starch xanthide in natural rubber vulcanisates. 
3) To improve water resistance of starch xanthide filled natural rubber by 
coupling agents. 
During the course of this research work, SEM studies were carried out with the 
objective of assessing dispersion of starch in the vulcanisate. The SEM studies 
were also aimed at examining vulcanisate microstructure's changes upon water 
absorption. 
In latex product process, the objective was to identify the process of making thin 
film of starch and natural rubber latex and to determine the properties of the 
resulting films. Chemical treatment of the films· was also carried out with the 
intention of improving their properties. 
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2.1 Introduction 
Chapter 2 
Characteristics of starch xanthide 
natural rubber masterbatches 
The general procedure to prepare starch xanthide rubber masterbatch is to 
coprecipitate starch xanthate in the fonn of xanthide in rubber latex. The reactions 
of starch involved during this process are as follows. 
1) Xanthation reaction 
The reaction of starch hydroxyl groups with carbon disulphide (CS2) in basic 
media results in (sodium) starch xanthate; 21 
Starch-OH + CS2 NaOH) 
.IS 
Starch-O- C 0 
\' S 
Starch xanthate 
+ Na EB •••••••••••••• (2.1) 
In this process, an aqueous solution of NaOH is added to a starch dispersion. A 
reaction then takes place between NaOH and the starch hydroxyl groups; the 
product is intermediate between a true alkoxide and an intermolecular complex: 3S 
Starch-OH + NaOH 
---l) Starch-O-Na + H20 ...................... (2.2) 
Starch-OH + NaOH -~) (Starch-O-H . NaOH) ...................... (2.3) 
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As this reaction occurs, the starch granule becomes gelatinised and a starch 
solution is simultaneously obtained accompanied by improved clarity and increased 
viscosity. 36 If the alkali starch is aged in the presence of air, then 
depolymerisaoon will take place resulting in reduction of viscosity. 35 
The alkali starch is treated with carbon disulphide to produce sodium starch 
xanthate. 
S 
• (Starch-OH·NaOH) + CS2 ~ Starch-O-C-S0 + NaEB + H20 .....•.. (2.4) 
During xanthation at least two secondary competing reactions may take place (eq. 
2.5 and eq 2.6). 37 
Starch-OCSSNa + 2 NaOH -~) Na2COOS + NaSH + Starch-OH ........ (2.5) 
3 CS2 +6NaOH 
--.;) Na2C03 + 2 Na2CS3 + 3 H20 ............ (2.6) 
A ripening process may be necessary to obtain somewhat lower solution viscosity 
which facilitates efficient mixing of the starch solution and latex. During the 
ripening process, some reactions may take place including 36 
- dexanthation reaction, 
- a redistribution of the xanthate groups among the hydroxyl groups of the 
anhydroglucose units and 
- the migration of the xanthation groups along the polymer chains and into 
remaining unreacted starch crystallites to provide uniformly substituted starch 
derivative. 
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2) Crosslinked starch 
Starch xanthates can be crosslinked by oxidation to give water-insoluble 
compounds that are starch xanthide ; 21,38 
S 
• 2 Starch-O- CoS 
~ S S 
-, ..
_ .......... o~) Starch-O- C-S-S- C-O-S tarch ................ (2. 7) 
The common oxidising system used is a combination of sodium nitrite (NaN02) 
and sulphuric acid. The reaction of sodium nitrite and the acid fonns nitrous acid 
(HNOv which in turn oxidatively crosslinks the starch xanthate to starch xanthide. 
This chapter reports on the characteristics of starch xanthide natural rubber 
masterbatches obtained from latex concentrate and fresh field latex. The xanthation 
values of the resulting masterbatches were also presented. 
The investigations were carried out using both latex concentrate and fresh field latex 
with the objective of comparing wet and dry crumb characteristics of their resulting 
masterbatches. 
Fresh field latex can be used as it is collected and no processing steps are needed. 
Hence, it was thought that the use of fresh field latex to produce the masterbatches 
is more practical and economic. 
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2.2 Experimental 
2.2.1 Preparation of starch xanthide·natural rubber masterbatches 
The procedure used in this investigation was similar to that ofDennenberg. 30 
A set of the masterbatches starting from latex concentrate (CLSX) was prepared in 
England while the corresponding masterbatches starting from fresh field latex 
(FFLSX) were prepared in Thailand. 
Materials 
The starch employed through out this work was maize starch supplied by Fisons. 
The moisture content of the maize starch was determined and found to be 12.5 %. 
Determination of moisture content was carried out according to an oven-drying 
method. 39 A 5 g sample of starch was dried at 120·C for 4 hour under a reduced 
pressure of 150 mm(Hg). Moisture content was calculated using the following 
equation: 
% Moisture content = Weight loss. g x 100 
Sample weight, g 
Latex concentrate (HA) was purchased in England. Dry rubber content of the latex 
was determined by the ISO 126 procedure, and found to be 60.10%. 
Fresh field latex was collected from the experimental plantation in Songkhla Rubber 
Centre, Thailand and used within 5 hours after tapping. The dry rubber content of 
this latex was determined immediately after its arrival and found to be 41.84%. 
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Preparation of the starch xanthate solutions 
Starch xanthate solutions were prepared from the maize starch according to the 
formulation given in Table 2.1. The amount of reactants was calculated based on 
0.1 DS. 
Table 2.1 Formulation of the starch xanthate solution 
Parts in 100 parts 
of starch solution 
Maize starch (based on dry weight) 10 
NaOH O.S mole per mole of AGU· 
CS2 0.1 mole per mole of AGU· 
Water added to obtain a 10% starch solution 
• MW. of the anhydroglucose unit (AGU) = 162 
The starch was used without any treattnent and dispersed in 2{3 of the total required 
water. A limited amount of CS2 based on 0.1 mole of CS2 per mole of AGU was 
added to the starch dispersion while the mixture was being stirred. The calculated 
amount of NaOH granules was dissolved in the other 1/3 part of the water and 
gradually added to the mixture; the mixture was then stirred vigorously for 3 hours. 
This reaction was carried out at ambient temperature (-20'C). The starch xanthate 
solution was stored at -lS'C for a minimum of 24 hours before use. 
Note The starch xanthate solutions for CLSX masterbatches were prepared in a 
well ventilated fume hood (in England). 
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Coprecipitation of starch xanthide and latex 
The oxidation reaction of the starch xanthate to form the starch xanthide using 
NaN02 and H2S04 was camed out and coprecipitation of starch and latex occurred 
simultaneously. 
Composition of the coprecipitate is shown in Table 2.2. Actual dIy rubber content 
was used to calculate the amount of latex for each masterbatch and the amount of 
water to dilute a latex's concentration to 20 % dIy rubber content. The starch 
xanthate solution was used after thawing at room temperature. 
Table 2.2 Composition of coprecipitate 
Latex concentrate or field latex with known dIy rubber content 
Water as required to obtain 20% dIy rubber content latex 
10% starch xanthate solution 
1.0 M NaN02 solution 1 mole per 1 mole of xanthate or 0.1 mole 
per mole of AGU 
1.0 M H2S04 solution as required to complete coprecipitation 
(at pH about 2) 
A measured amount of water was added to a weighed amount of 10% starch 
xanthate solution. The mixture was stirred until a homogeneous solution was 
observed. To the mixture was added the required amount of latex and it was stirred 
for 30 minutes; then the NaN02 solution was added. Coprecipitation was brought 
about by subsequent addition of H2S04 solution. The wet crumbs were drained, 
washed and soaked in water overnight. 
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Characteristices of the crumbs from both concentrated and field latexes were 
observed to be differenL In the case of latex concentrate, the small wet crumbs 
made initially tended to form bigger and harder crumbs during processing, 
especially in the low starch xanthide content masterbatches. Therefore the wet 
crumbs were squeezed through a two-roll mill and washed in water again before 
being immersed in 95% methanol for 30 min. Finally, the crumbs (after 
dehydrating) were allowed to dry under an air flow at room temperature (-20'C) for 
2-3 days. The ocurrence of dryness was observed when the initially formed white 
crumbs turned completely light yellow when dry. 
After soaking ovemight in water, the crumbs from field latex were drained and 
immersed in absolute ethanol for 30 min and (after dehydrating) were allowed to 
dry under an air flow at room temperature (-28'C) for 2-3 days. 
2.2.2 Analysis for degree of xanthation 
Degree of xanthation of starch xanthide was analysed for the masterbatches of both 
CLSX and FFLSX. 
Materials: Nitric acid 
Perchloric acid 
Hydrochloric acid 
Barium chloride (BaC12 • 2H20, M.W. = 244.28) 
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Procedure 40 
To a 3 grams sample of starch xanthide rubber masterbatch in a 250 mI round 
bottom flask add 20 mI of a nitric acid solution (1 to 1 by volume) and heat it up 
slowly until brown fumes appear and then stop heating to reduce the reaction. Add 
10 mI of concentrated nitric acid and continue heating until the rubber is almost 
entirely dissolved. Then add 10 mI of a 70% solution of perchloric acid and heat 
until the brown fumes disappear (white fumes will then appear) and the solution is 
clear and colourless. Allow to cool somewhat and slowly add 5 mI of concentrated 
hydrochloric acid; once more heat until white fumes appear, cool, and wash in a 
500 mI beaker. Dilute with distilled water to about 200 mI, add an excess amount 
of 0.1 N barium chloride solution to precipitate the sulphur in the form of barium 
sulphate. After leaving overnight to complete precipitation, collect the precipitate 
through filter paper no. 5 and determine dry weight of the precipitate. 
Calculations 
The following is a calculation procedure for obtaining the percentage of sulphur in 
starch xanthide. 
If W g sample of starch xanthide rubber masterbatch is used in the sulphur 
determination, then the amount of starch xanthide (g) is estimated from equation 
(2.8), 
Weight (g) of starch (xanthide) in the sample = p x W .............. (2.8) 
(100 +P) 
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where 
W is weight in gram of starch-rubber masterbatch sample, 
P parts of starch in 100 parts of rubber in the masterbatch 
The quantity of elemental sulphur in the BaS04 precipitant which is obtained in the 
starch-rubber masterbatch is calculated from equation (2.9), 
Weight (g) of sulphur element = 32.06 X............................... (2.9) 
233.396 
Where 
X is weight in gram of dry BaS04 precipitate 
( atomic weight of S = 32.06, M.W. of BaS04 = 233.396) 
% sulphur in starch (xantbide) = 32.06 X 000 + Pl 100 ................ (2.10) 
233.396PW 
Degree of substitution 41 indicates the number of substituent groups per 
anhydroglucose unit, and can be calculated from equation (2.11), 
Degree of substitution = 162 A •..•.•.•...•............• (2.11) 
l00B - (C-l) A 
= _...I.l.l.l<625<1..(%!JI.o;LS)L-~ ••••••••••••••••••••••••• (2. 11 a) 
64oo-75(%S) 
Where A is % sulphur in starch xanthide, 
B is 64, which is the molecular weight of S-S, 
S 
n 
and C is 76, the formular weight of the - C - S - group. 
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2.3 Results and discussion 
2.3.1 Wet and dry crumb characteristics 
Wet crumbs of starch xanthide rubber masterbatches which were prepared from 
concentrated latex tended to increase in size and hardness when the concentration of 
the starch was low. It was considered that these masterbatches could not be dried 
within a reasonable time. Therefore the wet crumbs were squeezed through a tight 
nip on a two-roll mill. The high starch loading masterbatches such as 45.2 and 
56.5 phr tended to form loose sheets after milling whereas the low starch loading 
masterbatches such as 22.6 and 33.9 phr formed hard sheets. After being dried, 
the appearances of the masterbatches of different starch loading were observed to 
have differing individual appearences and these are shown in Figure 2.1. The 
masterbatch based on 56.5 phr starch loading was the only sample which was gritty 
and easily breakable. 
By using fresh field latex, the characteristics of the wet and dried crumbs of the 
starch xanthide rubber masterbatches were observed to change. Small and very soft 
wet crumbs was formed and hardly any difference between samples at the various 
starch loadings was observed. The size of these crumbs were considered small 
enough for them to be easily dried, therefore no wet crumbs milling was necessary. 
After dehydration, the crumbs tended to re· aggregate somewhat during drying 
especially the lower starch content masterbatches. The high starch loading 
masterbatches, including these of 45:2 and 56.5 phr, gave the appearance of 
powdered rub!>er, as seen in Figure 2.2. 
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In the mixing and coprecipitation steps in the process of starch rubber masterbatch 
preparation, described by Rist, 29 rubber particles are surrounded by starch. The 
following observations can be made based on these experiments. Two main factors 
which possibly control the particle size of the crumb rubber are : 
1) Characteristics of the latex 
2) Content of starch in the mixture 
Size of crumbs should be determined by the particle size of the rubber in the latex. 
Rubber particles of synthetic latex are considerably smaller than those of natural 
rubber latex. Natural rubber latex would give a larger size of starch-encased rubber 
than synthetic latex at the same starch loading. Nevertheless, in natural rubber 
larger crumbs may arise by the clustering of smaller primary crumb during the 
process, specially in the drying step. This is because of the higher elastic and better 
tack property of this rubber. The problems found in this work were similar to those 
of early workers who used concentrated natural rubber latex for producing a 
starch-natural rubber masterbatch. 
It is generally known that a latex concentrate possesses larger rubber particles than 
found in fresh latex, as during centrifuging, a proportion of the smaller rubber 
particles are eliminated and fOIm the skim latex portion. The larger particles in the 
latex may also be built up of smaller particle clusters. It is known that the addition 
of alkali to latex enhances the clustered appearance of the particles in natural rubber 
latex. 42 Additionally when coalescence of wet crumbs occur, the crumbs will also 
be enlarged to some extent This effect was obvious in the masterbatch prepared 
from concentrated latex. 
Observation also revealed that starch content is the significant factor which controls 
the size of crumb in the masterbatch. The mixture of starch xanthate solution and 
latex appeared as rubber particles dispersed in the starch solution. During 
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coprecipitation, the high starch content could possibly prevent coalescence of small 
crumbs. However, if too high starch loading masterbatches were prepared, 
rubber-free starch agglomerates would possibly be formed; i.e. the agglomerate of 
starch without encased rubber. 
Accordingly, using fresh field latex for starch xanthide natural rubber masterbatches 
was found to provide an easier process compared to using latex concentrate. The 
former process is capable of producing masterbatches with both low and high 
starch xanthide loading. For practical and economic reasons, preparation of the 
masterbatches containing 40-50 phr starch xanthide loadings is preferred. 
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Figure 2.1 Characteristic appearences of starch xanthjde rubber masterbatches 
prepared from latex concentrate after milling and drying. 
Figure 2.2 Characteri stic appearences of starch xanthide rubber masterbatches 
prepared from fresh field latex after drying, without milling. 
34 
2.3.2 Degree of xanthation 
Tables 2.3 and 2.4 summarise DS values of starch xanthide in the starch xanthide 
rubber masterbatches of CLSX and FFLSX respectively. It can be seen that DS 
values in both sets of the masterbatches were lower than the calculated value of 
O.1DS. This was considered to be caused by the loss of CS2 which occurred 
mainly during the 3 hours of mixing. These results also showed that the 
masterbatches CLSX prepared in England have only half the DS value of those 
(FFLSX) prepared in Thailand. These lower DS values suggested that evaporation 
of CS2 was greatly facilitated by the air flow in the fume hood (in England). The 
percentage conversion of CS2 in this work was found to be between 20-40% as 
shown in Tables 2.3 and 2.4. This is in accordance with the data of Russell 23 
when the xanthation reaction was carried out without controlling CS2 evaporation. 
Table 2.3 Degree of xanthation in starch xanthide rubber masterbatches starting 
from latex concentrate (CLSX). 
Starch content DS Average 
phr CS2 conversion(%)* 
22.6 0.020 
28.2 0.022 
33.9 0.023 21.3 
39.5 0.021 
45.2 0.021 
56.5 0.021 
*Conversion", 100 x DS / moles CS2/ AGU 
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Table 2.4 Degree of xanthation in starch xanthide rubber masterbatches starting 
from fresh field latex (FFLSX). 
Starch content DS Average 
phr CS2 conversion(%)* 
22.6 0.039 
28.2 0.045 
33.9 0.044 41.8 
39.5 0.043 
45.2 0.038 
56.5 0.042 
*Conversion = 100 x DS / moles CS2/ AGU 
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2.4 Conclusion 
The sizes of wet and dry crumbs of the starch xanthide natural rubber 
masterbatches from both latex concentrate and fresh field latex were found to 
decrease with increasing starch xanthide loading. Fresh field latex was found to 
give a smaller size of wet and dry crumbs of the masterbatches as compared to latex 
concentrate at the corresponding starch xanthide contents. It could be used for 
producing masterbatches with both low and high starch xanthide loadings. Hence, 
it is more suitable than latex concentrate for starch xanthide natural rubber 
masterbatches. 
The degree of xanthation of the masterbatches was observed to be dependent on the 
uncontrollable evaporation of CS2 during preparation of starch xanthate solution. 
The percentage conversion of CS2 varied between 20-40%. The DS values of the 
masterbatches of CLSX and FFLSX were found to be 0.02 and 0.04 respectively. 
These two sets of the masterbatches will be used for further investigations 
described in next chapters. 
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Chapter 3 
Mixing characteristics ; 
dilution of starch xanthide rubber masterbatches 
3.1 Introduction 
This chapter repons on some processing aspects of starch xanthide natural rubber 
masterbatches. The mixing behaviour of the masterbatches containing different 
starch xanthide loadings was looked into. The effects of masterbatch dilution on 
physical propenies of starch xanthide filled vulcanisates were also studied and 
compared with tailor-made masterbatches. 
3.2 Mixing behaviour of starch xanthide natural rubber masterbatches 
It is known that there are two factors influencing the milling behaviour of starch 
rubber masterbatches, namely starch content and degree of xanthation. 27,29,31 
Stephens 27 examined the effect of cold milling on reduction of Mooney viscosity 
and reponed that the viscosity of the masterbatch increases with increasing starch 
content. Hota 31 reponed on the milling behaviour of the masterbatch containing 
100 phr starch xanthide by observing the minimum milling time required to fonn a 
smooth continuous band on milling. He found that the minimum milling time 
increases with increasing degree of xanthation. 
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3.2.1 Two-roll mill 
In the present work, the first part of the investigation was to examine the milling 
behaviour, on two-roll mill, of the masterbatches during compound mixing. The 
formulations and procedure used _are -as described in section 4.3.1, chapter 4. 
Results and discussion 
Table 3.1 summaries the milling behaviour of the m..SX masterbatches during 
compound mixing. Masterbatches containing 45.2 phI' and 56.5 phI' of starch 
xanthide (so as to make up compounds having 40 and 50 phr starch xanthide 
loadings respectively) were observed to have some difficulty on forming loose 
sheet during the pre-mix step even when the pre-mix was subjected to 10 passes. 
However, these masterbatches were able to form loose sheet within 12 passes. 
Mixing behaviour of all samples shown in Table 3.1 was considered to be good to 
very good. There was no serious difficulty during the course of mixing. This is 
probably due either to all compounding ingredients being added in the form of 
masterbatches or to the fact that the milling was facilitated by the use of a milling 
temperature of 50'C, thereby causing the starch to soften and be incorporated into 
the mix easily. 
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Table 3.1 Milling behaviour of the starch xanthide natural rubber masterbatches 
(FFLSX) during compound mixing on two-roll mill at 50·C ; mixing time 10 
minutes. 
Starch xanthide 
content, phr 
20 
30 
40 
50 
Number of pass to 
form loos sheet 
10 
10 
12 
12 
3.2.2 Brabender Plasti·Corder 
Remarks 
Very good behaviour throughout 
the milling process. Smooth 
sheet was obtained. 
Very good ; smooth sheet. 
Good ; fairly smooth sheet. 
Good ; fairly smooth sheet. 
The Brabender Plasti·Corder 43,44,45 has been used extensively in rubber mixing 
studies, such as in assessing the effects on rheological behaviour and the ease of 
mixing of different varieties of compounding ingredients. Basically, it consists of a 
small mixing chamber with mixing rotors and a sensitive and reliable torque 
recorder with a thermocouple projecting into the batch for temperature 
measurement. 
In this work, the Brabender Plasti·Corder was used with the objective of 
describing, quantitatively, the changes which take place during mixing operation of 
starch xanthide rubber masterbatches. 
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Starch xanthide rubber masterbatches used in this investigation were FFLSX 
masterbatches. Torque and temperature measurement were performed in the 
Brabender Plasti-Corder using a cam type mixer with a rotor speed of 50 rpm for 
13 minutes. Initial temperature of the mixing chamber was 39'C and 30 cc of 
sample was used. 
Results and discussion 
Figure 3.1 shows a typical torque trace of starch xanthide rubber masterbatch and 
Figure 3.2 is a simple torque and temperature trace of the masterbatch during course 
of mixing in Brabender Plasti-Corder. 
From Figure 3.1, it can be seen that in region I, about 1.5 minutes after the ram 
was pushed down, the initial high mixing torque decreases progressively, 
indicating filler-rubber incorporation (i.e. breakdown of starch encased rubber 
particles and reduction in molecular weight of rubber). A wide torque fluctuation 
was also observed in region I, possibly due to reduction in bulk volume taking 
place along with breaking down of starch encased rubber particles. In region n, 
about 4.5 minutes later, mixing torque gradually decreases with increased mixing 
time suggesting further reduction in molecular weight of rubber and starch with 
improvement in dispersion of starch. It was observed that mixing torque was 
transformed from wide torque changes to a relatively smooth consistent torque 
variation. This suggested that the dispersion of filler in the mixing was almost 
completed. 46 In region m, after a total mixing time of 6 minutes, the mixing 
seems to reach a steady state. 
41 
Along with the breakdown of rubber and starch molecules during the course of 
mixing, temperature is rising proportionally to the mixing time, as shown in Figure 
3.2, due to the generation of shear force during mixing. 
Figure 3.3 snmmarises the effect of starch xanthide concentration on mixing torque 
and temperature of the FFLSX masterbatches. It is apparent that all samples tested 
exhibited the same patterns of torque and temperature changes. Mixing torque and 
temperature increase with increasing starch xanthide loading. However, the 
difference in torque and temperature between the various starch xanthide loadings 
was considered to be fairly small. This is consistent with the milling behaviour 
observed during compound mixing as described in section 3.2.1. 
From these results, Brabender Plasti-Corder is capable of giving an excellent 
distinction in mixing behaviour of starch xanthide rubber masterbatches containing 
various starch xanthide loadings. 
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Figure 3.1 A typical plastograph from Brabender Plasti-Corder 
for starch xanthide natural rubber masterbatch 
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Figure 3.2 Typical torque and temperature changes 
during mixing of starch xanthide rubber masterbatch 
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3.3 Effect of master batch dilution 
In most of the research work concerning starch rubber masterbatches, the 
masterbatches were prepared having starch concentration as required in the final 
vulcanisates (ranging from 10-100 phr). Interesting research was carried out by 
Hota 31 using masterbatches (which originally contained 100 phr starch xanthide) 
to prepare vulcanisates of 40 phr starch loading by adding new rubber. However, 
no information on whether the starch can maintain its reinforcing efficiency was 
reported. 
In the present work, it was reported in section 2.2 chapter 2 that production of the 
masterbatches containing high starch xanthide loadings (40-50 Phr) is preferred. 
In this section, the effects of dilution of the masterbatch on physical properties of 
the final vulcanisates were reported. The objective of this investigation was to 
determine whether a masterbatch containing a high concentration of starch xanthide 
can be used to prepare vulcanisates having low starch xanthide loading without 
losing the reinforcing efficiency of starch as compared to a tailor-made masterbatch. 
In this investigation, a CLSX masterbatch containing 56.5 Phr starch xanthide was 
diluted with appropriate amounts of new rubber to prepare vulcanisates containing 
20, 30 and 40 phr starch xanthide. The vulcanisates containing corresponding 
starch xanthide concentrations were also prepared from tailor-made masterbatches 
of 22.6, 33.9 and 45.2 phr starch xanthide. Formulations preparation condition 
and testing used were according to section 4.3.1 chapter 4. Microstructures of both 
sets of vulcanisates were also studied according to section 4.4.3 chapter 4. 
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Results and discussion 
Tables 3.2 and 3.3 summarise curing and vulcanisate properties of the compounds 
containing 20, 30 and 40 phr starch xanthide obtained from diluted and tailor-made 
masterbatches respectively. From these curing data, an increase in the cure state (as 
denoted by maximum torque) of the compounds made from both sets when the 
starch xanthide content increased were observed. The cure rate was also found to 
increase (as judged by decreases in t'SO and t'90) with increasing starch xanthide 
concentration. However, the curing properties seem to be independent of the 
method of preparation of the compounds. 
In comparing the vulcanisates of same starch xanthide loading, it is apparent that the 
vulcanisates of both diluted masterbatch and tailor-made masterbatches exhibited 
comparable physical properties (refer to Tables 3.2 and 3.3 and Figure 3.4). These 
results suggested that transfer of starch xanthide from the original rubber of the 
masterbatch to newly added rubber occurred and the resulting vulcanisate had as 
good a starch xanthide dispersion as that of a tailor-made masterbatch. 
To confirm this suggestion, SEM of torn surfaces of the vulcanisates containing 20 
and 40 phr of diluted masterbatch and tailor-made masterbatches were examined. 
As shown in Figures 3.5 and 3.6, (micrographs taken at 500 x magnification) both 
sets of the vulcanisates exhibited identical fracture surfaces. 
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Table 3.2 Curing and physical properties of starch xanthide filled compounds 
prepared by diluting starch xanthide masterbatch (CLSX) 
Starch Xanthide content, phr 
Curing properties ODR 160"C 20 30 40 
Min. torque, dN-m 4.9 6.0 6.0 
Max. torque, dN-m 82.0 91.0 99.8 
Max.-Min. torque, dN-m 77.1 85.0 93.8 
t' 50, m 4.9 4.8 4.6 
t' 90, m 6.0 6.0 5.7 
Physical properties 
100% Modulus, MPa 2.39 3.38 4.48 
300% Modulus, MPa 7.12 8.98 12.36 
Tensilestrength,MPa 19.6 15.2 13.4 
Elongation at break, % 525 440 340 
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Table 3.3 Curing and physical properties of starch xanthide filled compounds 
prepared by using tailor-made starch xanthide masterbatches (a.5X) 
Starch Xanthide content, phr 
Curing properties ODR 160°C 20 30 40 
Min. torque, dN-m 5.1 5.5 6.2 
Max. torque, dN-m 78.0 86.2 107.5 
Max.-Min. torque, dN-m 72.9 80.7 101.3 
t' 50,m 5.4 5.0 4.4 
t' 90, m 6.6 6.1 5.3 
Physical properties 
100% Modulus, MPa 2.27 3.63 5.21 
300% Modulus, MPa 7.18 9.81 11.95 
Tensile strength, MPa 18.8 16.9 12.7 
Elongation at break, % 510 460 325 
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Figure 3.4 Effect of starch xanthide masterbatch dilution on 
physical properties of the vulcanisates 
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50.0~m 
Figure 3.5 SEM photographs Cx 500 magnjfication) showing tom surface of the 
vulcanisates contaIDmg 20 phr starch xanthjde obtruned from diluted masterbatch Ca) 
and tailor-made masterbatch Cb). 
50 
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Figure 3.6 SEM photographs (x 500 magnification) showing tom surface of the 
vulcanisates containing 40 phr starch xanthide obtained from diluted rnasterbatch (a) 
and tailor-made masterbatch (b). 
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3.4 Conclusion 
Mixing behaviour on two rolls mill of starch xanthide natural rubber masterbatches 
(containing up to 50 pbr starch xanthide loadings) during compound mixing was 
found to be good when mill temperature of 50'C was used and all compounding 
ingredients were added in form of masterbatches. Data from Brabender 
Plasti-Corder confirmed that the masterbatches containing up to approx. 50 phr 
starch xanthide contents have small differences in milling behaviour. 
Diluted starch xanthide masterbatch was found to give vuIcanisates with comparable 
physical properties to that of original tailor-made masterbatches. Dispersion of 
starch xanthide in both sets of the vuIcanisates was observed to be identical, as 
evident by SEM study. 
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4.1 Introduction 
Chapter 4 
Natural rubber reinforcement by 
starch xanthide rubber masterbatches 
Funher investigations on curing and physical properties of the starch xanthide 
masterbatches, starting from latex concentrate (CLSX) and fresh field latex 
,(FFLSX5: were carried ()ut and are reported hi this-chapter: . The -water -absorption 
I 
,~e!~ llIld SEM stud!c:s of ~~ vulcani~ateswen: also perfo!me<i. 
4.2. Effect of unmodified starch in rubber 
This investigation was earned out with the intention of assessing the inherent effect 
of starch in rubber, particularly on cure characteristics and water sensitivity. 
4.2.1 Experimental 
The fonnulations used are shown in Table 4.1. 
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Table 4.1 Formulations for pure gum and unmodified starch filled compounds 
Pure gum unmodified starch 
Natural rubber(SMR SL) lOO lOO 
Zno 5 5 
Stearic acid 2 2 
CBS* l.5 l.5 
Sulphur 3 3 
Unmodified starch 20 
*CBS : N-Cyclohexylbenztbiazylsulphenamide 
All the ingredients were prepared as masterbatches before milling into rubber 
compounds. 
1) Unmodified starch masterbatch 
The unmodified maize starch employed was the same one used in section 2.2. The 
starch was dried at 120'C for 4 hours under a reduced pressure of 150 mm (Hg). 
The dried starch was prepared as 50% masterbatch by a Brabender Plasti-Corder, 
using a cam type mixer with a rotor speed of 30 rpm for 5 minutes. The mixing 
was started at room temperature by add~g rubber (SMR 5L) and mixed for 1 
minute, then the dried starch was added and the mix was allowed to blend further 
for 4 minutes. 
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2) Vulcanising agents masterbatches 
Compounding ingredients were of nonnal commercial grades. The sulphur- and 
CBS-masterbatches containing zinc oxide and stearic acid were prepared as shown 
in Table 4.2 using a two-roll mill at SO·C with friction ratio 1.75. 
Table 4.2 Formulation of Sulphur- and CBS-Masterbatches 
S-Masterbatch CBS-Masterbatch 
(parts by weight) (parts by weight) 
Natural Rubber 5 6.5 
Zno 2.5 2.5 
Stearic Acid 1 1 
CBS 1.5 
Sulphur 3 
Total 11.5 11.5 
Mixing cycle 
The mixing was performed on a 6"x12" two-roll mill at 50·C with friction ratio 
1.75. 
Unmodified starch rubber compound 
The natural rubber grade used was SMR 5L. Mixing was accomplished by 
allowing the rubber to band round the front roll for 1 minute followed by adding 
CBS- and unmodified starch masterbatches respectively. The components were 
allowed to mix for 7 minutes and then sulphur-masterbatch was added and further 
mixed for 2 minutes. The total mixing time was 10 minutes and the mix was 
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sheeted to be 2.0-2.5 mm [Urn. 
Pure gum compound 
The mixing cycle as described above was also applied for preparation of pure gum 
compound. 
Rheometer test 
The curing characteristics of the compounds were determined using an oscillating 
disc rheometer at 160"C. 
Physical properties tests 
Physical properties were determined on test specimens cured at 160"C at their 
respective optimum (t'90) from a rheogram. 
1) Tensile measurement 
Tensile properties were measured at an extension rate of 500 mm/minute, according 
to ASTMD 412-87. 
2) Deterioration of properties in water 
Deterioration of tensile properties and water uptake tests were performed according 
to ASTM-D 471-79. Tensile tests of wet vulcanisates were measured after 
immersing the test specimens in water for 70 hours at room temperature. The 
tensile results were calculated by using the original unimmersed thickness. 
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The tensile dumbbells were used as test pieces for water uptake measurement The 
test was also carried out at room temperature. 
4.2.2 Results and discussion 
Table 4.3 shows the cure characteristics of the pure gum and 20 phr unmodified 
starch containing compounds. It can be seen that the cure rate and cure state are 
increased by the presence of unmodified starch as denoted by both the shorter t'50 
(time at 50% cured) and t'90 (time at 90% cured) and higher maximum torque 
value. 
Table 4.4 shows the physical properties of the pure gum and 20 phr unmodified 
starch containing compounds. The tensile properties results show that, unmodified 
starch leaves the modulus almost unchanged but has reduced the tensile strength by 
27% from the pure gum. However, the inclusion of unmodified starch does not 
significantly affect percentage elongation and tensile set after break. This behaviour 
of unmodified starch as a non reinforcing mler when it is added to rubber by 
milling has been reported in previous works. 24,29 
It is worth noting that although the inclusion of unmodified starch enhances the 
state of cure as mentioned earlier it does not improve the modulus. 
Water sensitivity of vulcanisates was assessed by deterioration of tensile properties 
and water uptake upon their exposure to water. From Table 4.4, the vulcanisate 
containing unmodified starch is observed to absorb somewhat more water 
compared to the pure gum. However, such 1·2% water absorption does not cause 
deterioration of the tensile properties in vulcanisates. 
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Table 4.3 Cure characteristics of the pure gum and 20 phr unmodified starch 
compounds 
20phr 
Curing properties ODR 160·C Pure gum unmodified starch 
Min. torque, dN-m 5.2 3.5 
Max. torque, dN-m 69.0 78.0 
Max.-Min. torque, dN-m 63.8 74.5 
t'50,m 7.8 6.8 
t'90, m 9.0 8.0 
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Table 4.4 Physical properties of the pure gum and 20 pbr unmodified starch 
compounds 
Properties 
Dry w1canisates 
100% Modulus, MPa 
300% Modulus, MPa 
Tensile strength, MPa 
Elongation at break, % 
Tensile set after break, % 
Pure gum 
0.94 
2.61 
21.1 
610 
10.0 
20pbr 
unmodified starch 
1.19 
2.41 
15.4 
575 
12.5 
Wet w1canisates (10 hours in water at room temperature) 
100% Modulus, MPa 0.96 1.18 
300% Modulus, MPa 2.32 2.35 
Tensile strength, MPa 20.1 16.3 
Elongation at break, % 625 575 
Tensile set after break, % 10.0 15.0 
Water uptake, % 1.0 2.0 
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4.3 Effect of starch xanthide in rubber 
Rubber compounds of the starch xanthide natural rubber masterbatches of both 
CLSX and FFLSX were investigated. The objectives of this investigation include: 
- to examine the effects of starch xanthide loadings on curing properties of the 
compounds as well as on physical properties and water sensitivity of their 
resulting vulcanisates 
- to determine the effect of degree of xanthation and finally 
- to determine the effect of wet crumb milling, during the masterbatches 
preparation, in the final vulcanisates. 
4.3.1 Experimental 
The formulations used are given in Table 4.5. The pure gum compounds used as 
control·r samples for CLSX and FFLSX compounds were prepared using rubber 
from the latex concentrate and fresh field latex respectively. To obtain a dry form, 
the latex concentrate was coagulated using a similar procedure to that used for 
preparation of starch latex masterbatch as described in chapter 2. The fresh field 
latex was coagulated by using a conventional method for making air dried sheet 
(ADS). 
The masterbatches of 22.6,33.9, 45.2 and 56.5 phr starch xanthide loadings were 
used to make the compounds having 20, 30, 40 and 50 phr starch xanthide 
respectively. Starch xanthide rubber masterbatches were milled 20-24 passes and 
kept overnight before mixing. 
Preparation, conditioning and testing of samples were carried out according to 
section 4.2.1. 
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Table 4.5 Formulations used to examine the starch xanthide rubber masterbatches 
(CLSX and FFLSX) 
Starch xanthide content, phr 
0 20 30 40 50 
Natural rubber 100 100 100 100 100 
ZOO 5 5 5 5 5 
Stearic acid 2 2 2 2 2 
CBS· 1.5 1.5 1.5 1.5 1.5 
Sulphur 3 3 3 3 3 
Starch xanthide 20 30 40 50 
·CBS : N-Cyclohexylbenzthiazylsulphenamide 
4.3.2 Results and discussion 
Cure characteristics 
The cure characteristics results of the CLSX compound are summarised in Table 
4.6. It is apparent that the cure state and cure rate increase with increasing starch 
xanthide concentration. These cure rate results are in good agreement with those 
of previous works. 
Curing effects are demonstrated by the unmodified starch (refer to section 4.2.2) 
and starch xanthide (DSO.02) in CLSX compounds. The curing acceleration of 
starch xanthide is thought to be due to the inherent chemical characteristics of 
starch coupled with the xanthide units and the observed enhancement of the cure 
state may be attributed to the stiffness of starch and the interfacial interaction 
between starch and rubber. 
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The cure characteristic results of the FFLSX compounds are given in Table 4.7. 
These cure rate results show that curing acceleration produced by starch xanthide 
in the FFLSX compounds is in agreement qualitatively with those in the CLSX 
compounds. 
Plots of t'SO and t'90 against starch xanthide content for the CLSX and FFLSX 
compounds as shown in Figures 4.1 and 4.2 respectively suggest that the rate of 
decrease in t'SO and t'90 values with increase in starch xanthide level of the 
FFLSX compounds is greater than that of the CLSX compounds. This higher 
curing acceleration for the FFLSX compounds is obviously due to the relatively 
high degree of xanthation of starch xanthide in the FFLSX compounds compared 
to that in the CLSX compounds. 
It is also seen from Figures 4.1 and 4.2 that the curing acceleration depends on the 
starch xanthide loading. The curing acceleration is fairly rapid at the low starch 
xanthide loading of up to 30 phr and then it becomes stable at the higher starch 
loading of 40-S0 phr. These results imply that the reactivity of starch xanthide as 
an accelerator depends on the availability of the other curing ingredients, i.e. zinc 
oxide, sulphur and stearic acid. The reason being that at higher starch xanthide 
loading an excess of xanthide is present as compared to the other curing 
ingredients available in the compound. 
The accelerator reactivity of starch xanthide has an effect on processing safety of 
the starch xanthide-Ioaded compounds. From ODR results of the FFLSX 
compounds shown in Figure 4.3, it appears that the processing safety (as judged 
by induction time) reduces with increasing starch xanthide contents. However, the 
maximum starch xanthide loading (SO phr) used in this work still has an acceptable 
and practical processing safety. 
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Concerning the cure state results of the m..SX compounds in Table 4.7, there is 
no good correlation between maximum torque and starch xanthide loading level. 
This is thought to occur as a result of the poor dispersion of starch caused by the 
wet crumb milling step did not apply during making the starch xanthide-fresh field 
latex masterbatches (as described in chapter 2). This observation for the poor 
starch dispersion of the FFLSX compounds is found to agree with some 
experimental results ; the physical' properties and SEM observation of the 
wlcanisates, hence they will be discussed later. 
Table 4.6 Cure characteristics of the starch xanthide filled natural rubber 
compounds prepared from latex concentrate (CLSX). 
Starch xanthide content, phr 
Curingproperrles ODR 160"C 0 20 30 40 50 
Min. torque, dN-m 4.5 5.1 5.5 6.2 8.2 
Max. torque, dN-m 67.0 78.0 86.2 107.5 108.0 
Max.-Min. torque, dN-m 62.5 72.9 80.7 101.3 99.8 
t' 50, m 5.7 5.4 5.0 4.4 4.2 
t'9O, m 6.7 6.6 6.1 5.3 5.3 
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Table 4.7 Cure characteristics of the starch xanthide filled natural rubber 
compounds prepared from fresh field latex (FFLSX). 
Starch xanthide content, phr 
Cure properties ODR 160"C 0 20 30 40 50 
Max. torque, dN-m 104.9 109.8 95.1 105.9 122.5 
Max.-Min. torque, dN-m 97.0 100.0 85.3 96.1 111.7 
t' 50, m 5.1 3.7 3.2 3.1 3.1 
t'90, m 6.3 5.1 4.7 4.5 4.5 
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Figure 4.1 Effect of starch xanthide on curing properties 
(t'50 and t'90) of the starch xanthide (DSO.02) filled 
natural rubber, prepared from latex concentrate (CLSX) 
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Figure 4.2 Effect of starch xanthide on curing properties 
(t'50 and t'90) of starch xanthide (DSO.04) filled 
natural rubber, prepared from fresh field latex (FFLSX) 
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Figure 4.3 ODR curing traces (160"C) of the starch xanthide (DSO.04) filled 
natural rubber compounds, prepared from fresh field latex. 
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Physical properties 
Table 4.8 summarises the effect of starch xanthide (OSO.02) on physical properties 
of the CLSX compounds. It is clear that modulus drastically increases with starch 
xanthide. These are expected results when starch is added to rubber using latex 
masterbatching technique. The results further confirm the previous observation 
made in section 4.2.2 on the improved cure state that results from interfacial 
bonding between the starch and rubber matrix. However, the increase in starch 
xanthide concentration has resulted in deterioration of the strength as well as 
elongation. This may be attributed to the self-reinforcing characteristics of natural 
rubber which causes the addition of starch xanthide to have a dilution effect, i.e. 
the increase in the ratio of non-elastic to elastic phase. This effect is also observed 
from the increasing tensile set value obtained with increasing starch xanthide 
loading. (An exception is observed for the 50 phr of starch xanthide loading, 
probably because it was least extended before it failed.) 
From Table 4.8, it is observed that the 20 and 40 phr starch xanthide proportions 
have reduced the tensile strength by 13% and 30% respectively from the pure gum. 
Comparing the degree of tensile strength failure of these CLSX compounds with 
that of the 20 phr unmodified starch compound (which is 27% as mentioned in 
section 4.2.2), it is suggested that deterioration of the tensile strength is less 
significant when starch is added to rubber by using a latex masterbatching 
technique instead of by direct milling due to modification starch to meet the needs 
of the former technique. A smaller starch particle size which is achieved by the 
modification 3 gives a less destructive effect on the properties of the rubber. 
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The physical properties results obtained from the FFLSX compounds shown in 
Table 4.9 are consistent with those of the CXSX compounds, i.e. with increasing 
the starch xanthide content, the modulus increases and the tensile strength 
decreases. However, it is observed that the physical properties of the CLSX 
compounds are considerably superior to those of the FFLSX compounds, 
particularly in modulus and tensile strength, as shown in Figures 4.4 and 4.5. The 
FFLSX compounds are found to have less modulus improvement and greater loss 
in tensile strength than do the CLSX compounds. This conimns the observation 
that poor dispersion of starch xanthide occured as a result of omitting the wet 
crumb milling step during the preparation of the starch xanthide rnasterbatches. 
The use of wet crumb milling gives a better starch dispersion in the tmal 
vulcanisates and hence better physical properties. These effects are in agreement 
with those of Stephens 4 who found that the use of a mechanical shear force 
during the drying step (by extrusion drying) in starch rubber masterbatch 
preparation could improve starch dispersion and physical properties of the fmal 
rubber products. 
Table 4.8 Physical properties of the starch xanthide filled natural rubber 
compounds prepared from latex concentrate (CLSX). 
Starch xanthide content, phr 
Properties 0 20 30 40 50 
100% Modulus, MPa 0.85 2.27 3.63 5.05 6.67 
300% Modulus, MPa 2.56 7.18 9.81 11.92 13.14 
Tensile strength, MPa 21.8 18.8 16.9 15.1 13.1 
Elongation at break, % 590 515 460 390 300 
Tensile set after break, % 13.0 22.5 27.5 30.6 16.9 
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Table 4.9 Physical properties of the starch xanthide filled natural rubber 
compounds prepared from fresh field latex (FFLSX). 
Starch xanthide content, phr 
Properties 0 20 30 40 50 
100% Modulus, MPa 1.20 2.96 3.38 3.73 4.35 
300% Modulus, MPa 3.29 6.88 7.42 7.10 7.91 
Tensile strength, MPa 20.3 22.1 17.4 10.3 7.9 
Elongation at break, % 575 575 540 440 315 
Tensile set after break, % 14.8 35.8 39.0 27.8 19.0 
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Figure 4.4 Effect of starch xanthide on tensile properties 
of the starch xanthide (DSO.02) filled natural rubber, 
prepared from latex concentrate (CLSX) 
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Figure 4.5 Effect of starch xanthide on tensile properties 
of the starch xanthide (DSO.04) filled natural rubber, 
prepared from fresh field latex (FFLSX) 
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Water sensitivity 
Table 4.10 and 4.11 show the results of the study of water sensitivity of the CLSX 
and FFLSX compounds respectively. Plot of water uptake against starch xanthide 
content is shown in Figure 4.6. As expected, water absorption is found to increase 
with increasing starch xanthide concentration. It can be noted that the higher starch 
xanthide concentration, the higher is the magnitude of increase in water uptake. 
The vulcanisates are found to have reduced modulus and increased elongation after 
the water absorption test. These results are in agreement with those of previous 
works. 18,29 It is noteworthy that retention of modulus decreases with increasing 
starch xanthide content. From the tensile strength and retention of tensile strength 
results, it is seen that the change in tensile strength is dependent on starch xanthide 
loading. At 50 phr starch xanthide, the vulcanisate exhibits a deterioration of tensile 
strength. By contrast, at low starch xanthide of up to 40 phr, the vulcanisates have 
increased tensile strength. 
The above observations can be explained as follows. Starch xanthide can absorb 
water and results in softening the starch phase in the rubber matrix. Under 
-
extension the softened starch xanthide will behave as a plasticiser, resulting in a 
reduction in modulus and increases in tensile strength and elongation. The 
reduction of modulus retention with an increase in starch xanthide concentration 
may be attributed to the reduction in the volumetric fraction of the rubber phase (due 
to expansion of the starch xanthide phase) 
The correlation between starch xanthide content and water absorption is observed to 
be non-linear, probably because the crosslinking networks per unit volume of 
compound is decreased with increasing starch xanthide content. This leads to a 
drastic increase in water absorption of the high starch xanthide content compound. 
7I 
Hence when the starch xanthide content is 50 phr, a reduction in tensile strength is 
observed due to the fact that the vulcanisate possesses a high content of highly 
expanded starch xanthide phase which probably results in partial lost of rubber 
phase cohesion. 
From this water sensitivity study it can be seen that starch xanthide vulcanisates of 
up to 40 phr exhibit good tensile strength and elongation. It appears that existing 
problems of the starch xanthide filled rubber are high water absorption with 
resultant reduction in modulus upon exposure to water. 
Table 4.10 Tensile properties of the starch xanthide filled natural rubber 
vulcanisates, prepared from latex concentrate, (CLSX) after 70 hours in water at 
room temperature and their percentage retention of tensile properties 
Starch xanthide content, phr 
Properties 0 20 30 40 
100% Modulus, MPa 0.82 1.47 1.30 1.21 
300% Modulus, MPa 2.26 3.59 3.88 4.02 
Tensile strength, MPa 21.2 20.6 19.4 16.3 
Elongation at break, % 600 650 640 560 
Water uptake, % 0.9 3.2 5.9 9.7 
Percentage retention of tensile properties (compared with Table 4.8) 
300% Modulus 
Tensile strength 
Elongation at break 
88 
97 
102 
72 
50 
109 
126 
39 
114 
138 
33 
107 
144 
50 
1.14 
3.68 
7.0 
425 
17.7 
28 
53 
141 
Table 4.11 Tensile properties of the starch xanthide filled natural rubber 
vulcanisates, prepared from fresh field latex, (FFLSX) after 70 hours in water at 
room temperature and their percentage retention of tensile properties 
Starch xanthide content, phr 
Properties 0 20 30 40 
100% Modulus, MPa 1.21 1.77 1.90 1.73 
300% Modulus, MPa 2.73 4.50 5.04 4.46 
Tensile strength, MPa 21.8 23.5 21.7 17.7 
Elongation at break, % 515 625 615 590 
Water uptake, % 1.4 3.0 5.3 8.8 
Percentage retention of tensile properties (compared with Table 4.9) 
300% Modulus 
Tensile strength 
Elongation at break 
83 
107 
89 
73 
65 
106 
108 
68 
125 
114 
62 
172 
134 
50 
1.08 
3.10 
6.8 
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Figure 4.6 Effect of starch xanthide content on 
water uptake of the CLSX and FFLSX vulcanisates 
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4.4 Microstructure studies 
It was observed that the physical properties of starch xanthide filled natural rubber 
are dependent on starch xanthide concentration and preparation method of the starch 
xanthide masterbatch. In addition these vulcanisates absorb water with resultant 
deterioration in tensile properties upon immersion in water. In order to explain 
these observations it was decided to study microstructure of starch xanthide filled 
rubber. Both sets of vulcanisates prepared from latex concentrate and fresh field 
latex containing starch xanthide contents of 20-50 phr were examined using 
scanning electron microscopy. The test specimen were sputter coated with gold. 
SEM micrographs were taken using a Cambridge Sterioscan 360 scanning electron 
microscope. 
4.4.1 Micrographs for starch xanthide vulcanisates before and after 
water absorption 
,The SEM specimens were prepaIed frOm the FFLSX Vulcanisates as follows. The 2 
--'------- -----~-- ~ ------~------~- ---------
mm thick vulcanisate, after being immersed in water for 4 days, was cut into a film 
having 1/2 its thickness, i.e. 1 mm thick. The film was then dehydrated and freeze 
dried. The dehydration was performed using a graded series of methanol at the 
following concentrations and time : 47 
Concentration, % 
50 
70 
90 
95 
100 
75 
Time, minutes 
20 
20 
20 
>20 
>20 
The freeze drying was carried out for 24 hours. SEM scan was also done on 1 mm 
thick specimen prior to water absorption test 
Results and discussion 
Figures 4.7 and 4.8 are the micrographs taken at x 4K of the FFLSX vulcanisates 
with various starch xanthide loadings of 20-50 phr before and after exposure to 
water respectively. From Figure 4.7 it is apparent that there is little difference in 
features between the various starch xanthide loaded-vulcanisates. Each micrograph 
exhibits deep pores and nodules (arrowheads) throughout the surface. However, 
after the vulcanisates have been exposed to water, shallow pores and starch 
granule-like particles with geometric shape are instead observed (Figure 4.8). 
According to past theories starch granules should have been broken down after 
gelatinisation. Hence it is deduced that the nodules observed in the vulcanisate 
before the water immersion test could be the husk of the starch granule and that 
when the vulcanisate is immersed into the water, the water has penetrated into the 
husk and expand it into a starch granule-like particle. The starch outside the husk 
having been mixed with the rubber will also absorb water and hence cause the 
vulcanisated rubber to swell. 
At the higher magnification (x 8K) shown in Figure 4.9, it appears that the size of 
starch granule-like particles increase with increasing starch xanthide content Since 
an increase in starch xanthide content means a decrease in crosslink density and 
hence ability of the vulcanisate to absorb water, it is also deduced that the husk is 
elastic with the ability to expand according to the amount of water it collects. It was 
also observed that the swollen husks are still much smaller than the original starch 
particles, as shown in Figure 4.10. 
76 
77 
1O.0~m 
Figure 4.7 SEM photographs (x 4K magnification) showing the cut surface of the 
FFLSX vulcanisates with different starch xanthide contents; a, 20 phr ; b, 30 phr ; 
c, 40 phr ; d, 50 phr starch xanthide. 
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10.Oilm 
Figure 4.8 SEM photographs (x 4K magnification) showing the cut surface of the 
FFLSX vulcanisates after water absorption. 
a) contains 20 phr starch xanthide, b) contains 30 phr starch xanthide, 
c) contains 40 phr starch xanthide, d) contains 50 phr starch xanthide. 
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a 
b 
81 
c 
d 
5.00)lm 
Figure 4.9 SEM photographs (x 8K magnification) showing the cut surface of the 
FFLSX vulcanisates after water absorption. 
a) contains 20 phr starch xanthide, b) contains 30 phr starch xanthide, 
c) contains 40 phr starch xanthide, d) contains 50 phr starch xanthide. 
82 
20.0jlm 
Figure 4.10 SEM photograph (x IK magnification) of unmodified maize starch. 
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4.4.2 Tensile morphologies* in starch xanthide filled vulcanisates 
after water absorption 
*The morphology of the fractured surfaces of !ensile specimens 
A tensile fracture specimen was taken from the broken piece of a tensile test piece 
(of the FFLSX vulcanisates) which had been immersed in water for 4 days. The 
specimen was then dehydrated and freeze dried, as described earlier, before being 
used as a SEM specimen. 
Results and discussion 
Figure 4.11 shows the effect of starch xanthide loading on tensile morphologies of 
wet vulcanisates. Starch granule-like particles were not observed, due probably to 
an experimental error during freeze drying. The vulcanisate containing 20 phr 
starch xanthide shows a multiple planar fracture path perpendicular to the tensile 
axis with no flaws visible in the parallel direction (Figure 4.11 (a). However the 
fracture surfaces of the vulcanisates with 30-50 phr starch xanthide shown in 
Figure 4.11 (b)-(d) exhibit crazed panems in different planes; i.e. in the planes both 
parallel and perpendicular to the tensile axis. 
From the above SEM observations it can be concluded that the vulcanisates with the 
high starch xanthide contents (above 20 phr) had brittle fracture due to the 
brittleness imparted by starch xanthide. The 20 phr starch xanthide vulcanisate was 
found to exhibit ductile failure proving that it is still rubbery. 
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Figure 4.11 SEM photographs (x 500 magnification) showing tensile fracture 
surface of the FFLSX vuJcanjsates after water absorption. 
a) contains 20 phr starch xanthide, b) contains 30 phI starch xanthide, 
c) contains 40 phI starch xanthide, d) contains 50 phI starch x3J1lhide. 
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4.4.3 Dispersion of starch xanthide 
It was interesting to examine the dispersion of starch xanthide in the vulcanisates. 
The first attempt made by using a light microscope with torn surface was not 
successful due to low contrast between starch and back ground. It was discovered 
that only a vulcanisate containing starch xanthide would be stained by iodine 
whereas no staining occurred with pure gum vulcanisates. Based on this fact, it 
should therefore be possible to distinguish between the starch phase and the rubber 
phase of a stained vulcanisate. 
This investigation involves 
1) a comparison of fracture surfaces between non-stained to stained vulcanisates 
using the torn surface technique. 
2) studying of starch xanthide dispersion in the FFLSX and CLSX vulcanisates. 
Staining Technique 
The torn surface was stained by immersing the surface of the specimen in an 
aqueous solution of 1 % iodine (containing a small amount of potassium iodide) for 
10 minutes followed by washing in water for 30 minutes and then drying at room 
temperature. The stained surface was used for SEM. 
Results and discussion 
Figures 4.12 and 4.l3 illustrate the difference between non-stained and stained 
fracture surfaces of the FFLSX vulcanisates. It can be seen in the vu1canisate 
containing 20 phr starch xanthide that staining occurred in both nodules and planar 
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regions (as judged by dark area). This indicates that starch xanthide is present in 
the rubber phase as well as in isolated particulate forms. It is also noticeable that 
fracture surfaces of the vulcanisates were well deflned after staining. 
From the foregoing observations, stained wlcanisates were used to study starch 
xanthide dispersion in the FFLSX and CLSX wlcanisates. Figures 4.13 and 4.14 
show fractographs of the FFLSX and CLSX wlcanisates respectively. It can be 
seen that with increasing starch xanthide content, the wlcanisates tend to show 
characteristic brittle fractures rather than ductile fractures. However, the fracture 
surfaces of the CLSX wlcanisates clearly exhibit a higher degree of ductility than 
the FFLSX vulcanisates at the corresponding starch xanthide concentrations. These 
observations confirm that the CLSX vulcanisates have better interfacial adhesion 
and improved dispersion of the starch xanthide in the rubber matrix due to the 
inclusion of a wet milling step in the starch-rubber masterbatch preparation, with 
resultant improved physical properties as described earlier. 
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~--~, 50.0jlm 
Figure 4.12 SEM photographs (x 500 magnification) showing the torn surface 
(without staining with iodine) of the FFLSX vulcanisates ; a, 20 phr; b, 30 phr ; c, 
40 phr ; d, 50 phr starch xanthide. 
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Figure 4.13 SEM photographs (x 500 magnification) showing the torn surface 
(staining with iodine) of the FFLSX vulcanisates ; a, 20 phr ; b, 30 phr ; c, 40 phr ; 
d, 50 phr starch xanthide. 
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Figure 4.14 SEM photographs (x 500 magnification) showing the tom surface 
(staining with iodine) of the CLSX vulcanisates ; a, 20 phr ; b, 30 phr ; c, 40 phr ; 
d, 50 phr starch xanthide. 
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4.5 Conclusion 
Natural rubber compounds containing up to 50 pbr starch xanthide with a degree of 
xanthation of about 0.02-0.04 result in acceleration of cure rate and are still within 
processability limits. Starch xanthide was found to give a dramatic enhancement in 
modulus despite a slight reduction in tensile strength. The use of a wet crumb 
milling step during starch-rubber masterbatch preparation has significantly 
improved the dispersion of starch in the final vulcanisate, resulting in a higher 
degree of reinforcement. 
The inclusion of starch xanthide in natural rubber appears to impart brittleness to the 
vulcanisate resulting in briule fracture, particularly at starch xanthide loadings above 
20 pbr. 
Vulcanisates containing starch xanthide below 50 pbr were found to have good 
tensile strength and elongation upon water absoIJltion. The existing problem of 
these vulcanisate is high abSOIJltivity of water, resulting in a reduction of modulus. 
SEM studies of starch xanthide filled natural rubbl:r reveal that starch xanthide 
exists in the rubber matrix in two forms; one'being in the form of particulates and 
the other being fused into the rubber phase. In addition, the studies also reveal that 
starch xanthide in rubber matrix consists of starch and the husk of the starch 
granule. 
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5.1 Introduction 
Chapter 5 
Coupling agents for water resistant 
starch xanthide filled natural rubber 
It was claimed 30-32 that when vulcanisates containing high proportions of starch 
derivatives (i.e. zinc starch xanthate and starch xanthide in the region of 40-45 phr) 
were exposed to water. a reduction in modulus as well as tens!le strength was 
obtained with an increase in elongation for some cases. However. in the present 
work. it was found that the above observations were not true when a low starch 
xanthide concentration of up to 40 phr is used. Except for a reduction in modulus. 
the tensile strength and elongation of such vulcanisates were found to have 
increased by confining the use of starch xanthide to a low concentration of 25- 40 
phr loadings. This chapter reports on the use of coupling agents to reduce the water 
sensitivity of the vulcanisate so that its modulus remains unaffected after the water 
absorption test. 
5.2 Reaction of starch and coupling agents 
It is useful first to assess the reactions between starch and various coupling agents. 
A coupling agent was refluxed with alkali starch in acetone and the resulting 
product was examined using infrared spectroscopy. The coupling agents used in 
this investigation are given in Table 5.1. 
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Table 5.1 List of coupling agents 
Reference Chemical name 
Sllane A 189 "tMercaptopropyI 
trimethoxy silane 
Structure 
CH30 
I 11 
Maker 
Union Carbine 
Sllane A 174 "tMethacryloxypropyI CH2= C - C.QCH2CH2CH2Si(OCH3)3 Union Carbine 
m·TMI 
trimethoxy sllane 
m-IsopropenyI-cx,a-dime 
-thylbenzyI isocyanate 
Cyanamide 
The procedure used to treat starch with different coupling agents was as follows. 
0.62 gram of sodium hydroxide was dissolved in 1 m1 of water and 10 m1 of 
acetone. This sodium hydroxide solution was then mixed with 5.16 grams of 
unmodified starch (equivalent to 5 grams dried weight) and 75 m1 of acetone. The 
above mixture was kept for 2 hours, after which the clear solution on top of the 
mixture was discarded and replaced with 75 ml of fresh acetone. An appropriate 
amount of coupling agent (0.1 moVAGU) was added to the mixture. After being 
kept for 24 hours, the mixture was refluxed at 6Q"C for 4 hours. The treated starch 
was f!ltered, followed by washing with methanol and drying at 70'C for 12 hours. 
IR spectra were obtained from the KBr disc of the treated starch and the original 
starch using a Pye-Unicam SP 3-200 IR spectrophotometer. The original starch 
was dried at 120"C for 4 hours under a reduced pressure of 150 mmHg before 
being used. 
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Results and discussion 
Figure 5.1 Shows the infrared spectra of the original starch and the reacted 
starches. The infrared spectrum of the original starch (a) shows the hydrogen bond 
band at 3750 cm-1. This indicated that hydrogen bonds are formed between starch 
and water. 
The spectra of the reaction products of starch with SiIane A 189 (b) and starch with 
Silane A 174 (c) show the presence of the characteristic bands of the silanes, i.e. 
the Si-O band which absorbs at 1090-1020 cm- 1• Band at 1460 cm-1, 
characteristic of SHane A 174 was also observed in the spectrum of the reacted 
starch with SHane A 174. 
In the spectrum for reacted starch with m-TMI (d), bands at 1705 cm-1 (carbonyl 
stretch) and 1470-1430 cm-1, characteristic of m-TMI, were observed. In addition, 
the band at 2280 cm-1 (NCO) was not present. These observations suggested that 
the successful reaction between starch and m-TMI occurred via forming urethane 
bonds. 
It is worth noting that for all samplesof the reacted starches, there is a significant 
reduction in hydrogen bond band at 3750 cm-1 as compared to the spectrum of the 
original starch. This confirmed the existence of the coupling agent on the starch, 
resulting in steric effect which prevents the formulation of hydrogen bond between 
starch and water. 
According to the foregoing results, these three types of coupling agents are capable 
of reacting to starch. 
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Figure 5.1 Infrared spectra of starch reacted with coupling agents. a: original, b: 
with Silane A 189, c: with Silane A 174 and d : with m-TMI isocyanate. 
99 
5.3 Effect of coupling agents on the curing and physical properties 
of starch xanthide filled natural rubber 
This investigation examined the curing and physical properties as well as water 
resistance of the starch xanthide vulcanisates containing coupling agents. The 
formulations used are given in Table 5.2. Three types of coupling agent were 
examined and are shown in Table 5.1. 
The starch xanthide rubber masterbatches produced from the latex concentrate 
(CLSX-see details in chapter 2) were treated with the coupling agents before 
mixing. The treatment technique was as follows. Starch xanthide masterbatch was 
milled for about 10-12 passes at 50·C to form a loose sheet before adding an 
appropriate amount of an acetone solution of coupling agent (20 ml of coupling 
agent in 100 ml of acetone). Milling was continued for another 10-12 passes. The 
treated starch xanthide masterbatch was kept for 24 hours for subsequent 
compound mixing. Mixing cycle and conditions were as described in chapter 4 
section 4.2.1 • 
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Table 5.2 Compounding formulation used to examine the effect of coupling agents 
(Silane A 189. Silane A 174 and m-TMI) on 25 phr starch xanthide filled natural 
rubber 
Natural rubber 
Starch xanthide 
SilaneA 189 
SHane A 174 
Natural rubber 
Starch xanthide 
m-TMI 
1 
100 
25 
0 
2 
100 
25 
0.5 
Mix number 
3 4 S 6 7 
100 100 100 100 100 
25 25 25 25 25 
1.0 2.0 
Q.~ 1.Q 2.Q 
Mix number 
8 9 10 
100 100 100 
25 25 25 
Q.5 1.Q 2.Q 
All contain zinc oxide. 5; stearic acid. 2; sulphur. 3. CBS. 1.S parts by weight. 
Each coupling agent varies O. 2.4 and 8 parts in 100 parts of starch xanthide. 
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Results and discussion 
Silane A 189 
Table 5.3 summarises the effect of Snane A 189 on curing and vulcanisate 
properties of a 25 phr starch xanthide fmed natural rubber (CLSX). Curing 
properties taken from the ODR cure curves show that the expected decrease in cure 
time was observed as Snane A 189 content increased. This decrease in cure time is 
probably due to an increase in the mercapto group of Silane A 189 acting as an 
accelerator. At 8 parts of Silane A 189 in 100 parts starch xanthide, the compound 
cured became prematurely, as observed by the relatively high minimum torque on 
ODR measurement. However, when Silane A 189 content is at 4 parts the 
compound is within processability limit (as judged by a low minimum torque and 
acceptable t'sO). The state of cure, as indicated by maximum torque, decreased 
with increasing Snane A 189 content up to 4 parts and levelled off at 8 parts of the 
silane. This decrease in cure state cannot be attributed to a reduction of crosslink 
density since the vulcanisates exhibit an increase in modulus with increasing Snane 
A 189 content. It is probably due to either the interaction between Silane A 189 and 
starch xanthide resulting in plasticisation of starch at high temperature (160"C) or to 
shifting of T g of starch xanthide by the coupling agent. 
Enhancement of both modulus and tensile strength with an increase in Silane A 189 
concentration was observed (Table 5.3). This enhancement is proportional to the 
concentration of Silane A 189 content (refer to Figure 5.2). These results suggest 
that the inclusion of Silane A 189 resulted in an improved affinity and better 
wettability of starch xanthide and rubber matrix. Elongation was found to decrease 
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slightly with a rise in Silane A 189 loading which further confirms the above 
suggestion. The tensile set of the vulcanisates 'was not appreciably affected by the 
presence of Silane A 189. 
Figure 5.3 shows that starch xanthide vulcanisates containing Silane A 189 
exhibited a drastic decrease in water uptake with increase in the silane content. This 
is considered to be because of the increased hydrophobicity of the starch xanthide 
induced from the addition of Silane A 189. The effect of water absorption I - on 
the physical properties of the vulcanisates is shown in Table 5.3. As seen from the 
percentage retention of physical properties, the vulcanisates showed an increase 
both in tensile strength and elongation but a decrease in modulus after the water 
absorption test. The latter is probably due to the fact that the vulcanisates do absorb 
water to a certain extent, resulting in relaxation of some interfacial interaction 
(which may possibly be coupling bonds) between starch xanthide and rubber 
matrix. However, the modulus retention was observed to be unaffected by the 
change in the Silane A 189 level. 
The modulus of the wet vulcanisates was higher at higher silane loading due 
probably to the presence of a water resistable structure in the silane coupling agent 
interphase. On the other hand the increase in the tensile strength reaches a 
maximum value at 4 pbr of Silane A 189 in starch xanthide (refer also to Figure 
5.6). This remarkable increase in tensile strength of the wet vulcanisate containing 
Silane A189 is of course an advantage. 
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Table 5.3 Curing and vulcanisate properties of 25 phr starch xanthide filled natural 
rubber (CLSX) containing varying concentration of Silane A 189 coupling agent 
Coupling agent concentration, 
parts in 100 part of starch xanthide 
Curing properties ODR 16O'C 0 2 4 8 
Min. torque, dN-m 5.0 6.0 7.0 15.5 
Max. torque, dN-m 79.0 77.0 73.2 73.7 
Max.-Min. torque, dN-m 74.0 71.0 66.2 58.2 
t' 50,m 4.4 3.7 3.0 1.8 
t'90, m 5.3 4.7 4.0 3.1 
Physical properties 
100% Modulus, MPa 2.69 2.90 3.25 3.58 
300% Modulus, MPa 9.92 10.26 11.24 12.78 
Tensile strength, MPa 20.5 21.1 21.7 22.9 
Elongation at break, % 490 490 460 450 
Tensile set after break, % 32.5 35.0 35.0 32.5 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.78 l.89 2.15 2.09 
300% Modulus, MPa 5.39 5.75 6.00 6.90 
Tensile strength, MPa 24.0 24.6 25.9 25.6 
Elongation at break, % 610 625 650 640 
Water uptake, % 4.18 3.50 3.15 2.44 
Percentage retention of tensile properties after water absorption 
300% Modulus 54 56 53 54 
Tensile strength 117 118 119 112 
Elongation at break 124 127 141 142 
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Figure 5.3 Effect of coupling agent Silane A 189 on water sensitivity 
of 25 phr starch xanthide filled vulcanisates (CLSX) 
after 70 hours exposure to water 
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SHane A 174 
The effects of Silane A 174 on curing and vulcanisate properties in 25 phr starch 
xanthide filled natural rubber (CLSX) are given in Table 5.4. It can be seen that the 
cure rate, as denoted by t'SO and t'90, was insenitive to the concentration of Silane 
A 174. This is probably due to the methacryloxy group of the silane not taking part 
in the sulphur crosslinking reaction. Cure state was found to decrease 
proportionally to a rise in the silane loading (Figure 5.4). 
The inclusion of Silane A 174 increased the modulus slightly up to a loading of2 
parts, above which modulus was observed to decrease. Tensile strength was found 
to increase considerably with increasing Silane A 174 loading. However, the 
magnitude of increase in tensile strength by Silane A 174 was considered to be 
lower than that by Silane A 189 (refer to Figure 5.5). The decrease in modulus and 
increase in tensile strength by Silane A 174 indicated its behaviour as a plasticiser. 
This is further confirmed by the increase in elongation with increasing silane 
content. 
The results of the water absorption test (Table 5.4) showed that water uptake 
appeared to be slightly decreased with increasing Silane A 174 concentration with 
an exception shown at 4 parts considered due to experimental error. This 
observation suggests that SiIane A 174 might react with starch resulting in a 
reduction of hydroxyl groups available to water absorption. The physical 
properties of the wet ~ulcanisates in Table 5.4 suggested that SiIane A 174 did not 
improve water resistance of the vulcanisate containing starch xanthide as no trend or 
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increase in modulus and tensile strength was observed. From these results, it is 
suspected that there is no substantial interaction between the other end of silane and 
the rubber matrix as no reinforcement was observed when the vulcanisate is 
subjected to the water absorption test. 
108 
Table 5.4 Curing and vulcanisate properties of 25 pbr starch xanthide filled natural 
rubber (CLSX) containing varying concentration of Silane A 174 coupling agent 
Coupling agent concentration, 
parts in 100 part of starch xanthide 
Curing properties ODR 160·C 0 2 4 8 
Min. torque, dN-m 5.0 5.9 6.4 6.1 
Max. torque, dN-m 79.0 76.5 74.5 69.0 
Max.-Min. torque, dN-m 74.0 70.6 68.1 62.9 
t' 50,m 4.4 4.4 4.4 4.6 
t'90,m 5.3 5.3 5.3 5.4 
Physical properties 
100% Modulus, MPa 2.69 2.84 2.55 2.60 
300% Modulus, MPa 9.92 10.00 9.27 9.24 
Tensile strength, MPa 20.5 21.1 21.4 21.8 
Elongation at break, % 490 490 500 510 
Tensile set after break, % 32.5 42.5 35.0 32.5 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.78 1.80 1.68 1.68 
300% Modulus, MPa 5.39 5.52 5.07 5.14 
Tensile strength, MPa 24.0 23.8 23.7 25.2 
Elongation at break, % 610 620 640 650 
Water uptake, % 4.18 3.87 4.14 3.74 
Percentage retention of tensile properties after water absorption 
300% Modulus 54 55 55 56 
Tensile strength 117 113 110 116 
Elongation at break 124 126 128 127 
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Figure 5.4 Effect of coupling agents on curing properties 
(maximum torque and cure time) in compounds 
containing 25 phr starch xanthide (CLSX) 
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m-TMI 
Table 5.5 summarises the effect of m-TMI isocyanate on curing and physical 
properties of 25 phr starch xanthide filled vulcanisate (CLSX). It is apparent that 
the cure rate (as denoted by an increase in cure time) decreased with increased 
loading of the isocyanate. This is probably due to the isocyanate reacting with the 
mercapto group (RS-) of MBT, which is generated by dissociation of CBS. Hence 
a retardation of the curing reaction was seen. Cure state was also found to decrease 
with increasing the isocyanate concentration, suggesting a reduction in crosslink 
density, which was further confirmed by a reduction in modulus. It was also 
noticed that the magnitude of reduction of cure state by m-TMI was significantly 
greater than that by both Silane A 189 and Silane A 174 at the correspounding 
concentration, as shown in Figure 5.4. This result indicates that the plasticisation 
of starch by m-TMI is more significant than by the silanes. 
From Figure 5.5, maximum enhancement on tensile strength was observed at 2 
parts of m-TMI in lOO parts of starch xanthide. This remains steady till 4 parts 
beyond which, a rapid decline in tensile strength was observed. It is worth noting 
that the increase in tensile strength by 2 parts of m-TMI was greater than that by the 
corresponding concentration of Silane A 189 and Silane A 174. 
The inclusion of m-TMI had marginally reduced the water absorption of the starch 
xanthide filled vulcanisate as shown in Table 5.5. Considering the physical 
properties of the starch xanthide rubber vulcanisates containing m-TMI, after 
exposure to water, it can be seen from Table 5.5 that m-TMI level has little effect on 
the tensile strength. In addition, an increase in elongation with increasing the 
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isocyanate loading was observed. The modulus was observed to decrease with the 
increasing isocyanate loading. In Figure 5.6, the tensile strength and modulus of 
wet vulcanisate containing m·lMI were observed to be inferior to that containing 
either Silane A 189 or Silane A 174. It is worth noting that Silane A 189 is the 
most effective coupling agent in enhancing modulus and tensile strength of the wet 
vulcanisate. Despite the above observations, increasing m· TMI level has slightly 
improved the percentage of retention of the modulus. 
Thus, the inclusion of Silane A 189 in 25 pbr starch xanthide rubber vulcanisate 
was proved to be beneficial in enhancing the properties of both dry and wet 
vulcanisates. The increment of increased tensile strength after I water absorption 
i=--_ ,was significant, particularly at high silane loading. However, the use of 
excessively high Silane A 189 content of 8 parts in 100 parts starch xanthide tends 
to give rubber compounds that exceed the process safety limit for scorch. 
From this work Silane A 174 and isocyanate m·TMI were found to be ineffective in 
improving the water resistance of the rubber vulcanisate containing starch xanthide. 
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Table 5.5 Curing and vulcanisate properties of 25 pbr starch xanthide filled natural 
rubber (CLSX) containing varying concentration of m-TMI coupling agent 
Coupling agent concentration, 
parts in 100 part of starch xanthide 
Curing properties ODR 160"C 0 2 4 8 
Min. torque, dN-m 5.0 9.0 7.0 6.5 
Max. torque, dN-m 79.0 73.0 70.0 61.5 
Max.-Min. torque, dN-m 74.0 64.0 63.0 55.0 
t' 50, m 4.4 5.6 5.8 6.4 
t' 90, m 5.3 6.3 6.5 6.8 
Physical properties 
100% Modulus, MPa 2.69 2.52 2.54 2.18 
300% Modulus, MPa 9.92 8.86 8.43 7.64 
Tensile strength, MPa 20.5 21.5 21.4 19.4 
Elongation at break, % 490 525 540 525 
Tensile set after break, % 32.5 36.0 38.0 33.0 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.78 1.80 1.76 1.54 
300% Modulus, MPa 5.39 5.40 5.22 4.68 
Tensile strength, MPa 24.0 23.2 23.8 23.8 
Elongation at break, % 610 625 650 675 
Water uptake, % 4.18 3.83 3.68 3.98 
Percentage retention of tensile properties after water absorption 
300% Modulus 54 61 62 61 
Tensile strength 117 108 111 123 
Elongation at break 124 119 120 128 
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5.4 Effect of varying Silane A 189 in vulcanisates containing 
various starch xanthide loadings 
This investigation was carried out with the objective of assessing the effectiveness 
of varying Silane A 189 on water resistance in vulcanisates containing up to 40 phr 
starch xanthide. Test samples were prepared from the FFLSX masterbatches using 
formulations as given in Table 5.6. 
Results and discussion 
·.t . 
The effect of Silane A 189 loadings on curing and physical properties of the 
vulcanisates (FFLSX) containing 25, 3D, 35 and 40 phr starch xanthide are 
summarised in Tables 5.7 to 5.10 respectively. From these results, the following 
observations can be drawn. 
1) At the corresponding silane loading, cure rate was observed to increase with 
increasing starch xanthide content as shown in Figure 5.7. This is obviously due to 
starch xanthide itself being capable of accelerating vulcanisation and the fact that as 
the starch xanthide loading increases, the total silane content in the compound has 
actually increased. The latter also seems to affect processing safety as observed by 
an increasing minimum torque with increasing starch xanthide and silane content 
(refer to Figure 5.8). 
It is worth noting that the use of 8 parts of silane in 100 parts starch xanthide for 
vulcanisates containing 35 and 40 phr starch xanthide has almost exceeded the 
processing safety limit as denoted by a remarkably high minimum torque. 
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Regarding the state of cure, it was observed that there was no good correlation 
between maximum torque and starch xanthide as well as silane loading. This is 
thought to be due to poor dispersion and homogeneity of starch xanthide in the 
m..SX compounds. 
2) The enhancement in modulus and tensile strength by Silane A 189 was observed 
in the m..SX vulcanisates of 25-40 pbr starch xanthide as shown in Figure 5.9. 
Generally, this observation is in agreement with the previous results of the CLSX 
vulcanisates described in section 5.3, except that, in the FFLSX vulcanisate, tensile 
strength increment seems to level off beyond 4 parts of Silane A 189. 
It is interesting to note that, in the vulcanisates containing 25 pbr starch xanthide 
loading, the increase in modulus with increasing silane loading of the FFLSX 
vulcanisates was observed to be less than that of the CLSX vulcanisates (Figure 
5.10). This indicated the poor dispersion of starch xanthide in the m..SX 
vulcanisates and thus the low effective interfacial interaction between starch 
xanthide and rubber matrix induced by Silane A 189. 
3) Once again, Silane A 189 was found to be very effective in reducing water 
absorption of starch xanthide filled vulcanisates. As shown in Figure 5.11, it was 
observed that at starch xanthide contents of 25-35 pbr, the vulcanisates containing 8 
parts of silane were found to have similar water uptake of approx. 3%. It was also 
seen that vulcanisate of 40 pbr starch xanthide loads with 8 parts of silane in 100 
parts starch xanthide had only half the water uptake of that without silane. 
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The results of the physical properties of the FFLSX vukanisates after the water 
absorption test seem to agree with the previous results mentioned earlier in section 
5.3 (Silane A 189). However, for the FFLSX vulcanisates, the retention of 
modulus, after the water absorption test, seems to be higher with higher silane 
loading. A possible reason for this observation is that while silane fails to provide 
fully effective enhancement in modulus of the dry vulcanisates, the water resistance 
of starch xanthide increases with increasing silane loading. Consequently, the 
vulcanisates having absorbed less water will be able to maintain a higher modulus. 
It is also noteworthy that the wet vulcanisates containing up to 35 phr starch 
xanthide with Silane A 189 exhibited a remarkably high tensile strength. 
Accordingly, the use of Silane A 189 was found to improve water resistance of the 
vulcanisates containing up to 40 starch xanthide. However, using 8 parts of silane 
in the vulcanisates containing 35 phr starch xanthide and beyond were observed to 
reach processing safety limit. 
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Table 5.6 Compounding fonnulations used to examine the effect of Silane A 189 
on starch xanthide filled natural rubber (FFLSX) 
Natural rubber 
Starch xanthide 
Silane A 189 
Natural rubber 
Starch xanthide 
Silane A 189 
Natural rubber 
Starch xanthide 
Silane A 189 
Natural rubber 
Starch xanthide 
Silane A 189 
1 
100 
25 
0 
5 
100 
30 
o 
9 
100 
35 
o 
13 
100 
40 
0 
Mix number 
2 3 
100 100 
25 25 
0.5 1.0 
Mix number 
6 
100 
30 
0.6 
7 
100 
30 
1.2 
Mix number 
10 
100 
35 
0.7 
11 
100 
35 
1.4 
Mix number 
14 15 
100 100 
40 40 
08 1.6 
4 
100 
25 
2.0 
8 
100 
30 
2.4 
12 
100 
35 
2.8 
16 
100 
4Q 
3.2 
All contain zinc oxide, 5; stearic acid, 2; sulphur, 3, CBS, 1.5 parts by weight. 
SiIane A 189 varies 0, 2, 4 and 8 parts in 100 parts of starch xanthide. 
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Table 5.7 Curing and vulcanisate properties of 25 pbr staICh xanthide filled natural 
rubber (FFLSX) containing varying concentration of Silane A 189 coupling agent 
Coupling agent concentration, 
parts in 100 part of staICh xanthide 
Curing properties ODR 160"C 0 2 4 8 
Min. torque, dN-m 6.9 8.8 8.3 10.8 
Max. torque, dN-m 102.9 107.8 108.3 109.8 
Max.-Min. torque, dN-m 96.0 99.0 100.0 99.0 
t' 50, m 3.4 3.0 2.7 1.9 
t'90, m 4.8 4.0 4.1 3.4 
Physical properties 
100% Modulus, MPa 2.87 2.92 3.02 3.09 
300% Modulus, MPa 6.70 7.13 6.93 7.58 
Tensile strength, MPa 16.4 21.8 22.0 19.4 
Elongation at break. % 515 565 575 540 
Tensile set after break, % 33.3 41.3 40.8 35.3 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.91 1.95 1.83 2.02 
300% Modulus, MPa 4.76 4.79 4.93 5.48 
Tensile strength, MPa 22.7 26.4 27.5 26.3 
Elongation at break. % 600 650 665 640 
Water uptake, % 4.73 4.34 3.91 3.24 
Percentage retention of tensile properties after water absorption 
300% Modulus 71 67 71 72 
Tensile strength 138 121 125 135 
Elongation at break 117 115 115 118 
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Table 5.8 Curing and vulcanisate properties of 30 phr starch xanthide filled natural 
rubber (FFLSX) containing varying concentration of Silane A 189 coupling agent 
Coupling agent concentration, 
pans in lOO part of starch xanthide 
Curing properties ODR 16O·C 0 2 4 8 
Min. torque, dN-m 6.4 8.8 8.8 11.8 
Max. torque, dN-m 97.5 103.9 102.9 102.9 
Max.-Min. torque, dN-m 91.1 95.1 94.1 91.2 
t' 50,m 3.4 2.8 2.4 1.6 
t'90,m 4.8 4.2 3.8 3.0 
Physical properties 
100% Modulus, MPa 3.38 2.73 2.98 2.98 
300% Modulus, MPa 7.42 6.59 7.28 7.33 
Tensile strength, MPa 17.4 17.1 17.9 17.8 
Elongation at break, % 540 550 540 525 
Tensile set after break, % 39.0 36.0 38.5 34.8 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.90 1.74 1.91 2.19 
300% Modulus, MPa 5.04 4.65 4.76 5.60 
Tensile strength, MPa 21.7 25.1 24.0 22.1 
Elongation at break, % 615 650 665 615 
Water uptake, % 5.28 4.53 4.63 3.74 
Percentage retention of tensile properties after water absorption 
300% Modulus 68 71 65 76 
Tensile strength 125 147 134 124 
Elongation at break 114 118 123 117 
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Table 5.9 Curing and vulcanisate properties of 35 pbr starch xanthide filled natural 
rubber (FFLSX) containing varying concentration of Silane A 189 coupling agent 
Coupling agent concentration, 
parts in 1 ()() part of starch xanthide 
Curing properties ODR 160°C 0 2 4 8 
Min. torque, dN-m 9.8 8.8 9.8 15.7 
Max. torque, dN-m 105.9 104.9 104.9 106.8 
Max.-Min. torque, dN-m 96.1 96.1 95.1 91.1 
t' 50,m 3.1 2.9 2.5 1.7 
t'90,m 4.5 4.3 3.9 3.1 
Physical properties 
100% Modulus, MPa 3.48 3.48 3.58 3.92 
300% Modulus, MPa 7.29 7.49 7.94 8.83 
Tensile strength, MPa 15.2 17.1 15.5 17.2 
Elongation at break, % 500 540 515 515 
Tensile set after break, % 34.0 38.8 34.5 35.8 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.57 2.16 2.21 2.44 
300% Modulus, MPa 4.40 5.18 5.36 6.42 
Tensile strength, MPa 20.8 25.6 25.2 27.8 
Elongation at break, % 615 665 675 665 
Water uptake, % 7.74 4.68 4.80 3.82 
Percentage retention of tensile properties after water absorption 
300% Modulus 60 69 67 73 
Tensile strength 137 150 162 161 
Elongation at break 122 123 131 129 
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Table 5.10 Cming and vulcanisate properties of 40 phr starch xanthide filled natural 
rubber (FFLSX) containing varying concentration of Silane A 189 coupling agent 
Coupling agent concentration, 
parts in 100 part of starch xanthide 
Curing properties OOR 160'C 0 2 4 8 
Min. torque, dN-m 9.8 9.8 11.8 17.6 
Max. torque, dN-m 105.9 104.9 106.8 106.8 
Max.-Min. torque, dN-m 96.1 95.1 95.0 89.2 
t' 50, m 3.1 2.8 2.2 1.5 
t'90,m 4.5 4.0 3.5 2.7 
Physical properties 
100% Modulus, MPa 3.73 3.60 3.89 4.14 
300% Modulus, MPa 7.10 7.56 7.93 9.41 
Tensile strength, MPa 10.3 10.7 14.7 14.3 
Elongation at break, % 440 415 525 475 
Tensile set after break, % 27.8 29.3 37.8 32.8 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.73 2.02 2.05 2.49 
300% Modulus, MPa 4.46 5.19 5.03 6.85 
Tensile strength, MPa 17.7 19.3 22.2 21.6 
Elongation at break, % 590 615 650 600 
Water uptake, % 8.79 5.80 6.55 4.71 
Percentage retention of tensile properties after water absOIption 
300% Modulus 63 68 63 73 
Tensile strength 172 180 151 151 
Elongation at break 134 148 123 126 
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Figure 5.7 Effect of Silane A 189 on cure time in 
compounds containing various starch xanthide 
loadings (FFLSX) 
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Figure 5.9 Effect of Silane A 189 on physical properties of 
the FFLSX vulcanisates with various starch xanthide contents 
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Figure 5.10 Modulus of the CLSX and FFLSX vulcanisates containing 
25 phr starch xanthide with varied Silane A 189 contents 
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Figure 5.11 Effect of Silane A 189 on water sensitivity of the 
FFLSX vulcanisates containing various starch xanthide loadings 
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5.5 Effect or Si 69 coupling agent on curing and physical properties 
or 35 phr starch xanthide filled rubber 
This investigation was carried out after discovering that Silane A 189 is capable of 
affecting process safety at high loading. Si 69 (made by Degussa AG) is well 
known as one of the best coupling agents for use in a rubber product without it also 
affecting curing rate. Hence it was studied and compared with Silane A 189 in a 35 
phr starch xanthide filled rubber at 0-8 phr of starch xanthide loading. Preparation, 
conditioning and testing of test samples were carried out according to section 5.3 
The compound formulations are given in Table 5.11. The chemical structure of Si 
69 is as shown below. 
(H5C20)3-Si(CH2)3-S4-(CH2)3Si-(OC2H5)3 
Bis (3-niethoxysilylpropyl) tetrasulphide 
Results and discussion 
Si 69 
Table 5.12 presents results on the effect of Si 69 on curing and physical properties 
of the 35 phr starch xanthide vulcanisate. From these results, the following 
suggestions can be drawn : 
1) Si 69 provides safe processing as no trend of increasing cure rate with increased 
coupling agent loading was seen. 
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2) The inclusion of 2 phr of Si 69 in starch xanthide enhances the curing properties 
as evidenced by an increase in cure state. This generally indicates an increase in 
crosslink density. However, the modulus value did not confirm the above 
suggestion. The presence of 2 pans of Si 69 increased tensile strength and 
elongation with slightly decreased modulus. These results indicate that 
plasticisation of starch by Si 69 has OCCUITed. 
The vulcanisate containing 2 pans of Si 69 exhibited less water absorption with 
improved wet tensile properties compared to the vulcanisate without Si 69 after the 
water absorption test. Considering the percentage retention of tensile properties, it 
can be seen that the modulus retention of the vulcanisate containing 2 pans of Si 69 
shows the highest value. These results indicate that 2 parts of Si 69 is effective in 
improving water resistance of the vulcanisate containing starch xanthide. 
3) However, at Si 69 concentration of beyond 2 pans, the plasticisation effects 
were observed (i.e., reduced cure state, modulus and increased tensile strength and 
elongation). The physical properties of wet vulcanisate were observed to decrease 
with increasing Si 69 loading as the vulcanisate was found to absorb more water at 
higher loading of Si 69. In addition, the modulus retention was also reduced with a 
rise in Si 69 beyond 2 parts. 
Accordingly, the inclusion of Si 69 is effective in increasing the water resistance of 
the vulcanisate only when the loading is at 2 parts in 100 parts of starch xanthide. 
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SHane A 189 
Table 5.13 summarises the effect of Silane A 189 on curing and physical properties 
of the 35 phr starch xanthide vulcanisate (CLSX). It can be seen that SiIane A 189 
reduced cure state but increased the modulus with increased sHane loading. Once 
again the compound containing 8 phr of SHane A 189 in starch xanthide was 
observed to be too scorchy. These curing properties results are consistent with the 
previous results shown in section 5.3. The results of the physical properties of 
such vulcanisates. shown in Table 5.13. are also in agreement with the previous 
results shown in section 5.3 (Table 5.3) in that SHane A 189 is an effective 
coupling agent in enhancing dry and wet strength of vulcanisate containing starch 
xanthide. From the reduction in water absorption. it is deduced that such 
vulcanisates will have an improved dimension stability. 
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Table 5.11 Compounding formulation used to examine the effect of coupling 
agents (Si-69 and Silane A 189) on 35 pbr starch xanthide filled natural rubber 
Mix number 
1 2 3 4 5 6 7 
Natural rubber 100 100 100 100 100 100 100 
Starch xanthide 35 35 35 35 35 35 35 
Si 69 0 0.7 1.4 2.8 
~i1ane A 189 Q,Z 1,4 2.8 
All contain zinc oxide, 5; stearic acid, 2; sulphur, 3, CBS, 1.5 parts by weight. 
Each coupling agent varies 0, 2, 4 and 8 parts in 100 parts of starch xanthide. 
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Table 5.12 Cluing and vulcanisate properties of 35 pbr starch xanthide filled natural. 
rubber (CLSX) containing varying concentration of Si-69 coupling agent 
Coupling agent concentration, 
parts in 100 pan of starch xanthide 
Cluing properties ODR 160"C 0 2 4 8 
Min. torque, dN-m 4.0 3.5 4.0 4.6 
Max. torque, dN-m 94.0 95.5 91.0 89.0 
Max.-Min. torque, dN-m 90.0 92.0 87.0 84.4 
t' SO, m 4.2 4.0 4.5 4.2 
t' 90, m 5.5 5.1 5.8 5.5 
Physical properties 
100% Modulus, MPa 4.82 4.13 4.10 4.21 
300% Modulus, MPa 9.88 9.75 9.78 
Tensile strength, MPa 9.2 10.5 11.9 12.1 
Elongation at break, % 250 325 390 390 
Tensile set after break, % 9.4 15.0 20.6 18.1 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.06 1.22 1.06 0.93 
300% Modulus, MPa 3.28 3.39 3.10 2.48 
Tensile strength, MPa 13.0 17.7 15.1 15.5 
Elongation at break, % 550 625 605 610 
Water uptake, % 12.06 10.05 14.15 14.48 
Percentage retention of tensile properties after water absOIption 
loo%ModuIus 22 29 2S 22 
300% Modulus 34 32 29 
Tensile strength 142 169 127 128 
Elongation at break 220 192 156 158 
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Table 5.13 Curing and wlcanisate properties of 35 phr starch xanthide filled natural 
rubber (CLSX) containing varying concentration of Silane A 189 coupling agent 
Coupling agent concentration, 
parts in 100 part of starch xanthide 
Curing properties ODR 160'C 0 2 4 8 
Min. torque, dN-m 4.0 5.0 5.2 18.6 
Max. torque, dN-m 94.0 93.0 90.0 90.0 
Max.-Min. torque, dN-m 90.0 88.0 84.8 71.4 
t' 50, m 4.2 3.2 2.2 1.4 
t'90, m 5.5 4.4 3.5 2.7 
Physical properties 
100% Modulus, MPa 4.82 4.59 5.02 5.33 
300% Modulus, MPa 11.00 12.07 
Tensile strength, MPa 9.2 14.9 15.0 10.8 
Elongation at break, % 250 425 390 200 
Tensile set after break, % 9.4 29.4 25.6 15.0 
Physical properties after 70 hours in water at room temperature 
100% Modulus, MPa 1.06 2.26 2.52 3.68 
300% Modulus, MPa 3.28 5.63 6.88 10.06 
Tensile strength, MPa 13.0 23.7 22.5 18.8 
Elongation at break, % 550 700 625 490 
Water uptake, % 12.06 5.97 4.36 3.46 
Percentage retention of tensile properties after water absorption 
1OO%Modulus 22 49 50 69 
300% Modulus 51 57 
Tensile strength 142 159 150 161 
Elongation at break 220 165 161 244 
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Comparison of the effectiveness of Silane A 189 and Si 69 in 
reinforcment 
Figure 5.12 shows the effect of Silane A 189 and Si 69 loading on tensile strength 
and modulus of vulcanisate containing 35 phr starch xanthide. It is clearly seen that 
with the exception of 8 pans of Silane A 189 the reinforcing effect of Silane A 189 
is generally significantly greater than that of Si 69, as noted by the higher modulus 
and tensile strength at all levels of coupling agent loading. The lower tensile 
strength of the vulcanisate at 8 parts of Silane A 189 is probably due to either the 
plasticisation effect by Silane A 189 or to too high crosslink density induced by 8 
pans of silane. A dramatic reduction in elongation was also noted from this 
vulcanisate. 
Silane A 189 was observed to be significantly more effective than Si 69 in reducing 
water absorption for the vulcanisate containing starch xanthide, as shown in Figure 
5.13. In physical properties of the wet vulcanisates, Figure 5.14 shows that the 
modulus and tensile strength of the vulcanisates containing Silane A 189 are 
superior to that of Si 69. It is interesting to note that the tensile strength of the wet 
vulcanisate appears to reach optimum at 2 parts of Silane A 189. Beyond this 
loading, the tensile strength was observed to decrease with increasing silane 
loading. However, the tensile strength of 8 parts of Silane A 189 was still found to 
be higher than that using Si 69. It is also worth noting that the modulus retention of 
the wet vulcanisate containing Silane A 189 increases with increasing the silane 
loading and is significantly greater than that containing Si 69 (refer to Tables 5.12 
and 5.13). 
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According to the above observations, it can be concluded that, although the use of 
Si 69 was found to give good process safety. it is not at all economical due to the 
fact that only very little enhancement in physical properties was observed and no 
improvement in water resistance of the vulcanisate was obtained. 
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Figure 5.12 Effect of Si 69 and Silane A 189 on tensile properties 
in compounds containing 35 phr starch xanthide 
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Figure 5.13 Effect of Si 69 and SiIane A 189 on water sensitivity 
of 35 phr starch xanthide filled vulcanisates (CLSX) 
after 70 hours exposure to water 
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Figure 5.14 Effect of Si 69 and Silane A 189 on physical properties 
of 35 phr starch xanthide ruled vulcanisates (CLSX) after 70 
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5.6 SEM study of starch xanthide filled vulcanisate containing 
Silane A 189 after the water absorption test 
This study was carried out with the intention of assessing the effect of SHane A 
189 on the microstructure of the vulcanisate upon exposure to water. The test 
samples of 30 phr starch xanthide filled vuIcanisates (FFLSX) with varying 
amounts of SiIane A 189 were soaked in water for 4 days and prepared according to 
section 4.4.1. 
Figure 5.15 shows the micrographs of the test specimens taken at a magnification 
of x 4K. It can be seen that the scattered starch granule-like particles appear only 
on vulcanisates containing 0 and 2 parts of the sHane. In Figure 5.16, the 
micrographs taken at x 8K magnification, show that the size of the starch 
granule-like particles in the vulcanisate with 2 parts of sHane is smaller than that 
without sHane loading. The planar region of all samples showed the features of 
vuIcanisates being swollen with water. 
These results indicate that SiIane A 189 is capable of reducing the water absorption 
of starch xanthide in the vuIcanisate. This is possibly due either to the substitution 
of hydroxyl groups of starch by sHane or to the crossIink networks induced by 
SHane A 189 thereby reducing the water absorption of both phases of the starch 
(i.e. the husk of the starch granule and the starch that has been leached out and 
dispersed in the rubber phase - refer to section 4.4.1). 
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However, the reduction of water absorption of the husk is more obvious as seen 
from the great reduction in its size at higher silane loadings. From the micrographs, 
it seems that at 6 phr of Silane A 189 loading onwards, the husk of starch does not 
absorb much water as its size remains at its minimum. Hence, it is deduced that 
when excessive Silane A 189 is used, the husk of the starch probably does not 
absorb water at all. 
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a 
140 
10.01lm 
Figure 5.15 SEM photographs (x 4K magnification) showing the cut surface of the 
FFLSX vulcanisates (30 phr starch xanthide) containing various Si lane A 189 
contents after water absorption ; a, b, c and d contain 0, 2, 4 and 8 parts Silane A 
189 in 100 parts starch xanthide respectively. 
141 
a 
142 
1------------11 5 .00~1 
Figure 5.16 SEM photographs (x 8K magnification) showing the cut surface of the 
FFLSX vulcanisates (30 phr starch xanthide) containing various Silane A 189 
contents after water absorption; a, b, c and d contain 0, 2, 4 and 8 parts Silane A 
189 in 100 parts starch xanthide respecrively. 
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5.7 Conclusion 
Of four different kinds of coupling agents investigated, Silane A 174, Si 69 and 
m-TMI were found to be ineffective in enhancing water resistance of starch 
xanthide filled natural rubber. Only Silane A 189 was found to be excellent in 
reducing water absorption of the vulcanisates. Effectiveness of Silane A 189 was 
dependent on concentration and dispersion of starch xanthide. 
The SEM study showed obvious reduction in water absorption of the husk of starch 
in vulcanisate containing Silane A 189. 
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Chapter 6 
Thin film from starch and natural rubber 
6.1 Introduction 
Thin film of starch filled plastics, EAA (ethylene-acrylic acid copolymer) and PVC 
for instance, was claimed to have a good potential in the packaging and agricultural 
mulch applications 48,49 due to its biodegradability. An interesting study 48 being 
carried out on EAA copolymer suggested that the casting technique (using 
gelatinised starch and EAA latex) provides a satisfactory process and the resulting 
thin film gives a wide range of acceptable physical properties. 
This chapter reports on the physical properties of cast fllms made from starch and 
natural rubber latex as well as the effect of chemical treatments on the cast fllms. 
6.2 Effect of starch loading on physical properties of the thin film 
containing starch xanthate 
In this investigation, thin films of a mixture of starch xanthate and prevulcanised 
latex were made with the objective of assessing the extent of starch loading. The 
prevulcanised natural rubber latex was purchased from a Malaysian firm in 
England, while 10% starch xanthate solution was prepared according to section 
2.2.1. 5% casein solution was obtained by adding casein powder to 10% ammonia 
solution and then heated at 50·C for 15 minutes. This solution was kept 
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refrigerated and used within 3 days. The mixture, prepared according to Table 6.1, 
was cast onto silicone-coated plate polyester (Melinex) at 2 mm wet thickness. This 
was followed by drying at room temperature for 1-2 days. The dry film was 
leached in water for 16 hours and then dried at room temperature. This film was 
kept in a vacuum chamber for 2 days before its physical properties were 
determined. 
Results and discussion 
Thin films of prevulcanised natural rubber latex containing up to 90 phr starch 
xanthate loadings were prepared. It was observed that all the films made were 
translucent and pale yellow. However, the physical properties of the films 
containing starch xanthate above 25 phr could not be tested due to their brittleness. 
The physical properties of thin films containing 0-25 phr starch xanthate are 
summarised in Table 6.2 and Figure 6.1. It is apparent that modulus increases 
dramatically and proponionally as starch xanthate loading increases. As an 
example, at 10 and 20 phr loadings, the thin films have increases in 100% modulus 
of about 5 and 9 times respectively compared to that without starch xanthate. These 
results suggest that there is an excellent interfacial bonding between starch xanthate 
and the rubber matrix when gelatinised form of starch is added to latex stage of 
rubber. This suggestion is confirmed by decreases in tensile strength and 
elongation with starch xanthate loading. However, the thin films containing up to 
10 phr starch xanthate still provide a generally acceptable tensile strength and that 
with 15-20 phr starch xanthate can still be used for some applications. 
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Table 6.1 Formulation of the starch xanthate filled prevulcanised natural rubber 
latex 
Prevulcanisated latex, 60% 
5% Casein solution 
Parts by dry 
weight 
100 
1 
Parts by wet 
weight 
166.6 
20 
10% Starch xanthate solution 
Water 
varied varied 
added to make 15% mixture 
Table 6.2 Effect of starch xanthate on physical properties of the thin film of 
prevulcanised natural rubber latex 
100% Modulus, MPa 
300% Modulus, MPa 
Tensile strength, MPa 
Elongation at break, % 
Starch xanthate content, pbr 
o 5 10 15 20 25 
0.67 1.62 3.48 4.30 6.04 7.94 
1.35 2.90 5.85 7.33 9.14 10.00 
28.4 27.2 24.8 17.9 15.8 10.1 
890 810 610 525 475 300 
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Figure 6.1 Effect of starch xanthate loading on physical properties 
of the thin films of prevulcanised natural rubber latex 
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6.3 Effect of chemical treatments of the thin film of prevulcanised 
latex containing starch xanthate 
This investigation was carried out with the objective of observing the effect of 
chemical structure change of starch on the physical properties of starch filled 
rubber. Generally, starch xanthate can undergo the following reactions; 
1) The reaction between starch xanthate and acid results in regenerated starch, as 
shown below: 
(sodium) starch xanthate unstable regenerated starch 
2) Starch xanthate can also react with zinc sulphate to give a crosslinked starch, 
namely zinc starch xanthate ; 
20++ ) 2 [_O<S ] 
SNa 
(sodium) starch xanthate 
(
SS 1 " n 
-0- C-S-2o-s- C-O-
zinc starch xanthate 
------ ~----- ---l~~~~ _____ J 
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In this investigation, a new batch of thin film of the prevuIcanised latex containing 
20 phr starch xanthate was prepared according to section 6.2. Thickness of the film 
was about 0.6-0.7 mm. 
The dried cast films were immersed in 9.8% w/v H2S04 solution (equivalent to 1 
M) for different periods of time and then rinsed with water before being leached. 
To another portion of the dried cast film the chemical treatment was to soak the film 
in 1% w/v ZnS04 solution for 20 minutes and the H2S04 solution at 40·C for 
different periods of time. 
Another pan of the dried cast film was immersed in a solution of 1 % ZnS04 and 
9.8% w/v H2S04 before being leached. 
Results and discussion 
Effect of acid treatment 
Table 6.3 and Figure 6.2 summarise the effect of acid treatment on physical 
properties of the prevulcanised latex latex film containing 20 phr starch xanthate. 
From the results of the control sample (i.e. with no acid treatment) in Table 6.3, it 
was observed that the film showed a reduction of about 10% and 19% in 300% 
modulus and tensile strength respectively as compared to that at a corresponding 
starch xanthate loading reponed in Table 6.2 section 6.2. This is considered to be 
caused by the poor dispersion of starch xanthate in the films prepared for this 
section (6.3). 
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In Table 6.3 and Figure 6.2, it can be seen that the effect of acid treatment is 
significantly dependent on time of immetSion. The modulus of the films was found 
to decrease gradually with increasing time of immetSion, whereas the enhancement 
in tensile strength and elongation is clearly evident up to a 10 minutes immersion 
time. Beyond that, the strength progressively decreases with increasing immetSion 
time. Hence, the optimum immersion time was about 10 minutes. These result 
suggest that acid treatment enhances the performance of starch as a reinforcing 
filler, due probably to the new form of starch, namely regenerated starch, present in 
the rubber matrix. 
Table 6.3 Effect of acid treatment on physical properties of the thin film of 
prevulcanised latex containing 20 phr starch xanthate 
Immersion time, minutes 
O(controi) 5 10 20 
100% Modulus, MPa 5.15 5.08 4.66 4.38 
300% Modulus, MPa 8.18 8.00 7.71 7.28 
Ten~lestrength,MPa 12.8 14.2 16.2 13.6 
Elongation at break, % 410 460 500 450 
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Figure 6.2 Effect of acid treatment on physical properties of 
the thin films of prevulcanised latex containing 20 phr starch xanthate 
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Effect of zinc salt and acid treatments 
Table 6.4 and Figure 6.3 summarise the effect of zinc salt and acid treatments on 
physical properties of thin film containing 20 pbr starch xanthate. As shown in the 
Table and Figure, maximum reduction in modulus was observed at an immersion 
time of about 1 minute. Other than that, the modulus is generally considered to 
decrease marginally with increasing immersion time in acid treatment. The reason 
for the maximum reduction in modulus at 1 minute immersion time is possibly due 
to the influences of either zinc salt treatment or high temperature during acid 
treatment. Once again, the tensile strength and elongation of the films increase 
significantly with increasing immersion time. (Maximum immersion time used in 
this test was 10 minutes.) These results are appearently in agreement with those of 
the acid treatment mentioned earlier. 
Table 6.4 Effect of zinc salt and acid treatments on physical properties of the thin 
film of prevulcanised latex containing 20 phr starch xanthate 
100% Modulus, MPa 
300% Modulus, MPa 
Tensile strength, MPa 
Elongation at break, % 
Immersion time, minutes 
O(control) 
5.15 
8.18 
12.8 
410 
153 
1 
4.44 
6.98 
14.7 
490 
5 
4.72 
7.66 
16.0 
490 
10 
4.65 
7.56 
17.1 
510 
.. 
~ 
.. 
" :;
'0 
~ 
~ 
0 
0 
'" 
'0 
~ 
~ 
0 
0 
... 
.. 
SS 
.= 
-on 
= e 
-
.. 
..2 
.;;; 
= u Eo< 
Figure 6.3 Effect of zinc salt and acid treatments on 
physical properties of the thin films of prevulcanised 
latex containing 20 phr starch xanthate 
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Effect of treatment by zinc salt and acid mixture 
The results from zinc salt and acid mixture treatment are given in Table 6.5 and 
Figure 6.4. It is clearly seen that the maximum enhancement in tensile properties 
of the thin film was observed at 10 minutes immersion. However, the enhancement 
effect was found to diminished progressively by prolonged treatment beyond 10 
minutes. This is consistent with the results obtained for the acid treatment 
Table 6.5 Effect of treatment by the mixture of zinc salt and acid on physical 
properties of the thin film of prevulcanised latex containing 20 phr starch xanthate 
Immersion time, minutes 
100% Modulus, MPa 
300% Modulus, MPa 
Tensile strength, MPa 
Elongation at break, % 
O(control) 5 
5.15 4.18 
8.18 7.00 
12.8 12.7 
410 435 
155 
10 
4.93 
7.85 
17.3 
500 
20 
4.34 
7.10 
13.8 
460 
30 
4.06 
6.68 
13.7 
490 
Figure 6.4 Effect of treatment by the mixture of zinc salt and acid 
on physical properties of the thin films of prevulcanised latex 
containing 20 phr starch xanthate 
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Comparison of the chemical treatments 
Figure 6.6 summarises the overall effects of the chemical treatments mentioned 
above. From this Figure and the foregoing discussion, the following suggestions 
canbemade: 
1) The physical properties of the thin film containing starch xanthate are mainly 
enhanced by reaction of acid and the resulting enhancement is dependent on time of 
treatment. 
2) The use of zinc salt promotes the enhancement of acid treatment as evident by an 
increase in the increment of tensile strength at optimum treatment. However, from 
Figure 6.5 it was observed that the use of zinc salt causes a significant reduction in 
modulus of the thin mm at a treatment time below the optimum. 
3) Temperature of acid treatment seems to have a minor effect on the enhancement 
of the film's property at the optimum treatment. However, below the optimum 
treatment, significant increase in increment of tensile strength of the film was 
observed. 
Accordingly, effectiveness of the chemical treatments in enhancing the performance 
of starch xanthate in thin film of prevulcanised latex increases in the order of 
acid < zinc salt and acid S mixture of zinc salt and acid. 
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Figure 6.5 Effect of chemical treatments on physical properties of the 
thin films of prevulcanised latex containing 20 phr starch xanthate 
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6.4 Conclusion 
In conclusion, using the casting technique, thin film of starch xanthate and natural 
rubber latex with very high starch xanthate loading (90 phr) can be prepared. 
However, acceptable physical properties are achieved only when the starch xanthate 
loading does not exceed 20 phr. When the film was subjected to chemical 
treatments, an enhancement in physical properties of the rilin was observed only 
when it is subjected to an optimum treatment time. Zinc salt and acid mixture was 
found to give the best enhancement in the film's physical properties among the three 
chemical treatments used. 
159 
Chapter 7 
Conclusion and recommendations 
7.1 Conclusion 
Two possibilities of using starch as a reinforcing filler in rubber were investigated. 
One was used in the dry rubber process using latex masterbatching technique, the 
other was used in thin film prepared from a mixture of starch solution and latex. 
In the dry rubber process, starch is capable of reinforcing rubber when it is added 
to rubber using the latex masterbatching process. In the process, starch is modified 
to starch xanthate before being coprecipitated in the latex. During the 
coprecipitation starch xanthate may be converted to either zinc starch xanthate or 
starch xanthide. 
In the present work, a study on starch xanthide-natural rubber masterbatching 
process was carried out using both latex concentrate and fresh field latex. The 
procedure was to prepare 10% starch xanthate solution with 0.5 mole NaOH/ AGU 
and 0.1 mole CS2/ AGU. This was followed by coprecipitating in latex with 
NaN02 and H2S04. Starch xanthide natural rubber masterbatches, containing 
various starch xanthide contents up to 56.5 phr, were obtained from latex 
concentrate (CLSX) and fresh field latex (FFLSX). 
It was found that the crumb size of the masterbatches is significantly dependent on 
the starch xanthide content and the type of latex. Size of crumbs decreased with 
increasing starch xanthide content. The CLSX masterbatches containing up to 
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approx. 33 phr starch xanthide loadings exhibited a large wet crumb while those 
with 45.2-56.5 phr starch xanthide loadings had a fairly small crumb size. These 
CLSX masterbatches were subjected to two-roll milling in order to get it dry in a 
reasonable time. 
The wet crumb of the FFLSX masterbatches of corresponding starch xanthide value 
was found to be very much smaller than that of the CLSX. It tended to agglomerate 
and form larger crumbs after drying. The size of crumb decreased with increasing 
starch xanthide loading. Generally, the use of fresh field latex was considered to be 
an easy process for making masterbatches with both low and high starch xanthide 
loadings. 
Analysis for xanthation values was carried out in the starch xanthide masterbatches 
by using the sulphur determination procedure. It was found that the degree of 
xanthation (DS) is significantly dependent on uncontrollable evaporation of CS2 
during prolonged stirring time. DS of the CLSX and FFLSX masterbatches was 
found to be 0.02 and 0.04 respectively. 
Milling characteristics of starch xanthide rubber masterbatches were investigated 
using a two-roll mill and the Brabender Plasti-Corder. During compound mixing 
on two-roll mill, it was observed that the masterbatches containing high starch 
xanthide content (45.2-56.5 phr) exhibited more difficulty in forming loose sheet in 
the pre-mix step than that of the low starch xanthide loading masterbatches 
(22.6-33.9 phr). However, this difference was insignificant. Milling behaviour 
though out the course of compound mixing was observed to be good to very good 
and a smooth sheet was obtainable. 
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In the Brabender Plasti-Corder test, a typical torque trace showed a rapid decrease 
in torque during the early stage of mixing and gradually reached a steady state while 
temperature was increased with increasing mixing time. Marginal increases in 
torque and temperature with increasing starch xanthide content were observed. 
Hence, the difference in milling behaviour of the masterbatches containing up to 
56.5 phr starch xanthide loadings was small. 
It was interesting to investigate whether starch xanthide masterbatch with high 
starch xanthide concentration can be used to prepare the vulcanisate containing low 
starch xanthide loading without losing starch xanthide's reinforcing efficiency. 
Hence, an investigation into the difference in physical properties of vulcanisates 
obtained from diluted masterbatch from that obtained from tailor-made 
masterbatches was carried out. The procedure used was to produce vulcanisates of 
20, 30 and 40 phr starch xanthide from a high starch xanthide loading masterbatch 
of 56.5 phr. 
It was found that the vulcanisates of the diluted masterbatch and tailor-made 
masterbatches apparently have a comparable physical properties. This suggested 
that starch xanthide in a high starch xanthide loading masterbatch is capable of 
being transferred into the new rubber added during compound mixing. This was 
proved by the fact that the vulcanisates of both processes have an identical starch 
xanthide dispersion Gudged from fracture surface in SEM study). 
The effects of starch xanthide loading on curing and physical properties of the 
resulting vulcanisates of the CLSX and FFLSX masterbatches were also 
investigated. From the results obtained, the following observations were made: 
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1. Starch xanthide accelerates sulphur vulcanisation due to the inherent properties 
of starch itself and the presence of xanthide unit. Hence, increasing either starch 
xanthide loading or degree of xanthation will result in an increase in cure rate. Even 
so, both CLSX (DSO.02) and FFLSX (DSO.04) compounds with up to 50 phr 
starch xanthide had a cure rate within processing safety limits. 
2. The use of starch xanthide from the masterbatches was found to have 
significantly improved the modulus of natural rubber but resulted in reduction of its 
tensile strength and elongation. (Modulus increases while tensile strength and 
elongation decrease with increasing starch xanthide loading.) The reason for 
deterioration of the properties was thought to be due to the self-reinforcing 
characteristics of natural rubber. However, this deterioration in tensile strength and 
elongation was found to be less than in the direct milling method. 
The CLSX vulcanisates had better tensile properties (higher modulus and tensile 
strength) than the FFLSX vulcanisates at the corresponding starch xanthide 
loading. The milling step of the wet crumb during the CLSX masterbatches 
preparation was thought to have resulted in improvement of starch xanthide 
dispersion in rubber. This was confirmed by SEM study. 
The inclusion of starch xanthide induces brittleness in the vulcanisate as observed 
from fracture surface of tensile specimen. The brittleness increases with increasing 
starch xanthide loading. 
It was proved in the SEM study that starch xanthide has two phases in the rubber 
matrix, one in the form of particles and the other as the continuous phase, fused 
into the rubber phase. This observation was made when the iodine staining 
technique was used. 
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3. In the water sensitivity test of starch xanthide filled vulcanisate, results showed 
that unmodified starch (having granular form) did not absorb water. Hence, no 
deterioration of physical properties of the vulcanisate was observed after the water 
absorption test. In starch xanthide rubber masterbatches, it was found that water 
absorption increases with increasing starch xanthide content. In addition, the 
relationship was apparently non-linear, i.e. the increment of water sensitivity 
increases with increasing starch xanthide concentration. The possible reason for 
that, was that while starch xanthide content increases, the crosslinking density per 
unit area of the vulcanisate decreases and hence more water is absorbed. This 
suggestion was proved by SEM study on microstructure of the vulcanisates after 
the water absorption test 
The microstructure study also revealed that the modification of starch in the latex 
masterbatching process resulted in starch being divided into two phases. One phase 
is starch excluded from the granule and the other phase is an empty intact husk. 
Both phases can absorb water, as observed by the appearance of starch granule-like 
particles and swollen rubber vulcanisate. 
Due to the absorption of water by starch xanthide, the vulcanisates undergo changes 
in physical properties which are dependent on starch xanthide loading. The 
vu1canisate containing 50 phr starch xanthide was found to have undergone 
reduction in both modulus and tensile strength. Only elongation was observed to 
increase. These were thought to be due to the high water absorption of starch 
xanthide resulting in a lost of cohesion of rubber matrix in the vu1canisate after the 
water absorption test. 
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The vulcanisates containing up to 40 phr starch xanthide loadings exhibited a 
reduction of modulus but significant increases in tensile strength and elongation 
after the water absorption test. The significant increases in tensile strength and 
elongation were considered to be advantageous. These observations indicated the 
plasticisation effect of starch in wet vulcanisate. It was also noticed that the 
retention of modulus decreases with increasing starch xanthide concentration. 
:By confiDing the study to vulcanisates cont3iiiliig up to 40 phr starch xanthide, the' 
~ - - - ~ - - "-. - - -- -- - ~ - - - -- ---
problem of water sensitivity of these vulcanisates was only a reduction in modulus 
as a result of water absorption. 
As a consequence of the above observation, a study on improvement of water 
resistance was carried out in the vulcanisates containing various starch xanthide 
contents up to 40 phr. This was done by treating starch xanthide masterbatch with 
a coupling agent before compound mixing. Coupling agents investigated were 
mercapto silane (Silane A 189), methaCIylo silane (SiIane A 174), m·Isopropenyl-
_ a, a- dimethylbenzyl isocyanate (m-TM!) and Bis (3-ttiethoxysilylpropyl) tetra-
sulphide (Si 69). 
It was found that only Silane A 189 has a significant effect in reducing water 
sensitivity of the vulcanisates. Observations on effects of SiIane A 189 on curing 
and physical properties were as follows. 
1. SiIane A 189 accelerates cure rate. It was observed that either increasing SiIane 
A 189 or starch xanthide loading increases cure rate. Compounds containing 35 
and 40 phr starch xanthide with 8 parts of SiIane A 189 in 100 parts of starch 
xanthide approached processing safety limits (i.e. became scorched). 
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2. Enhancement of tensile properties (Le. modulus, tensile strength and elongation) 
by Silane A 189 was significantly dependent on dispersion of starch xanthide ; the 
better the dispersion, the better the enhancement, particularly in modulus. The 
enhancement was proportional to Silane A 189 loading. 
3. Inclusion of Silane A 189 substantially reduces water absorption of starch 
xanthide filled vulcanisate. This is in proportion to the silane loading as judged by 
water uptake and SEM study. The SEM study also also revealed that a reduction in 
water absorption is seen in the husk rather than in starch that is fused in the rubber 
phase. 
The vulcanisate undergoes a reduction in modulus but increases in tensile strength 
and elongation upon the water absorption test. Modulus of the wet vulcanisate was 
found to increase with increasing Silane A 189 loading. 
The final part of this research was to study the effect of starch reinforcement in thin 
fIlm of natural rubber latex. Thin fIlms were prepared by casting the mixture of 
starch xanthate and prevu1canised latex. It was found that thin films with starch 
loadings up to 90 phr can be made. However, only the fIlms containing up to 25 
phr had acceptable physical properties. Starch xanthate has an excellent 
enhancement in modulus with marginal deterioration in tensile strength. 
Further investigation on the thin film was to study the effects of chemical treatment 
on physical properties. Three different sets of chemical treatment were carried out, 
namely, acid, zinc salt followed by acid and mixture of zinc salt and acid 
treatments. The treatments were done on dried film at varied immersion time before 
the leaching step. It was found that the effect of treatment is dependent on the time 
of immersion. At the optimum immersion time, the film exhibited remarkable 
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increases in tensile strength and elongation and an almost unchanged modulus. 
Mixture of zinc salt and acid was found to give the best improvemenL 
7.2 Recommendations 
Fresh field latex, in the production of starch xanthide natural rubber masterbatches 
containing approx. 22-56 phr, was more satisfactory than latex concentrate. Wet 
crumb milling was vital in improving starch xanthide dispersion and subsequently 
improving the physical properties of the final vu1canisate. It was also found that 
diluted starch xanthide masterbatch is capable of producing vulcanisate of 
comparable physical properties to tailor-made masterbatch. Hence, the use of fresh 
field latex to produce starch xanthide rubber masterbatches containing high starch 
xanthide contents (such as 45-56 phr) by a process involving wet crumb milling 
step would be recommended. 
For further work, it would be worthwhile investigating the optimum conditions of 
wet crumb milling step. It is also interesting to look into the use of high starch 
xanthide loading masterbatch (such as up to 100 phr) to produce vulcanisates 
containing 10-40 phr starch xanthide. This study could be used for comparison 
:-----,w~i~yulcanisates of tailor-made masterbatches. 
Milling behaviour of starch xanthide rubber masterbatches containing up to 56 phr 
starch xanthide loadings was good and very good. It would be interesting to carry 
out an investigation on the extrusion behaviour of starch xanthide rubber 
compounds containing various starch xanthide loadings. This investigation could 
be done in a Brabender Plasti-Corder fitted with an extruder head. Die swell and 
extrudate appearances could be examined. 
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Since there is apparently no infonnation on ageing properties of starch xanthide 
filled natural rubber, an investigation into the use of antidegradants would be 
necessary. Phenolic and amine types of antidegradants such as Antioxidant 2246 
(Anchor Chemical) and Vulkanox PBN (Bayer) may be selected. Methods used to 
evaluate effectiveness of antidegradants may be heat ageing and ozone ageing. 
Accelerator / sulphur combination used thoughout the present work was CBS/S of 
1.5/2.5 phr. It would be worthwhile to examine a more economic accelerator / 
sulphur system. That may be either CBS/S of 0.6/2.5 phr or a combination 
DPG/MBTS/S: (DPG: Diphenyl guanidine, MBTS: Dibenzthiazyl disulphide) 
This recommendation is based on the fact that starch xanthide can accelerate cure 
rate, hence a long-induction-time-accelerator is needed to ensure processing safety. 
Silane A 189 was found to be excellent in enhancing water resistance of a 
vulcanisate containing starch xanthide. It is recommended that the use of 4 parts of 
Silane A 189 to 100 parts of starch xanthide in the compounds with starch xanthide 
up to 40 phr would still give good processing safety. However, high Silane A 189 
content (8 parts) was observed to cause premature vulcanisation in the compounds. 
It would be useful to investigate the use of scorch retarders in compounding high 
Silane content. N-(cyclohexylthio) phthalimide (Santogard PVI - Monsanto) may 
be used. 
Most fillers are known not to absorb water. It would be useful to investigate the 
effect of a combination of starch xanthide and other tillers on water absorption.' 
Carbon black and silica may be added to starch xanthide rubber masterbatches 
during mill mixing. 
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Regarding latex production process, thin film of prevulcanised latex and starch 
xanthate prepared by casting technique was found to have acceptable physical 
properties when it contained starch xanthate up to 20 phr. Chemical treatment using 
a mixture of zinc salt and acid was found to be considerably successful in 
improving physical properties of the thin fIlm. Generally, it is known that, with the 
same compound fonnular, vulcanisate of prevulcanised latex is inferior to that of 
vulcanisable latex. Hence, it would be interesting to study the thin mm making 
process and chemical treament using a vulcanisable latex. The formulation 50 
shown below may be used. 
Wet weight 
60% Natural rubber latex 167 
10% KOH solution 4.0 
20% Potassium Caprylate solution 2.0 
50% Sulphur dispersion 1.0 
50% ZDC* dispersion 1.5 
50% Antioxidant dispersion 2.0 
50% Zinc oxide dispersion 0.5 
Cure I drying in hot air at 120'C, 20-25 minutes 
ZDC* Zinc diethyldithiocarbamate 
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Dry weight 
100 
0.4 
0.4 
0.5 
0.75 
1.0 
0.25 
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